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Abstract 
A positive surge results from a sudden change in flow that increases the depth. It is the unsteady flow 
analogy of the stationary hydraulic jump and a geophysical application is the tidal bore. The inception and 
development of a positive surge are commonly predicted using the method of characteristics and the Saint-
Venant equations. Herein new experimental investigations were conducted in a large rectangular channel (12 
m long, 0.5 m wide) and detailed unsteady velocity measurements were performed with a high temporal and 
spatial resolution (200 Hz, sampling volume: 6×6×1.5 mm3). The experiments encompassed undular (non-
breaking) and breaking bores in a horizontal slope with both smooth and rough invert conditions. A further 
series of experiments was conducted with a decelerating bore progressing upstream against an adverse steep 
slope. 
The undular (non-breaking) bore was observed for surge Froude number Fr less than 1.5. For Fr < 1.3, the 
undulation free-surface was smooth. For 1.3 < Fr < 1.45 to 1.5, some breaking was seen at the first wave 
crest. For Fr > 1.5, a breaking bore was observed with a marked roller. Detailed instantaneous velocity 
measurements showed a marked effect of the surge front passage. The turbulent Reynolds stresses were 
deduced from high-pass filtered data using the technique of KOCH and CHANSON (2005). The results 
highlighted large normal and tangential stresses beneath the surge front. A comparison between undular 
(non-breaking) and breaking surge data suggested some basic differences. In a weak surge, some transient 
flow recirculation was recorded next to the bed. In an undular (non-breaking) bore, large velocity 
fluctuations and Reynolds stresses were recorded beneath the first wave crest and the secondary waves, 
implying a long-lasting effect after the bore front passage. A systematic comparison was conducted to study 
the effects of bed roughness. The boundary friction contributed to some wave attenuation and dispersion, and 
the free-surface data showed some agreement with the wave dispersion theory for gravity waves. The 
instantaneous velocity data indicated a marked effect of the rough screens on the turbulent velocity field. 
Large turbulent velocity fluctuations were observed. In an undular bore, the time-variations of the 
longitudinal velocity exhibited a lesser oscillating pattern than on a smooth bed especially close to the bed 
(z/do < 0.2). In a breaking surge, a relatively longer transient recirculation was observed next to the invert. In 
a decelerating surge, the turbulent velocity field presented flow properties that were closer to those of a 
stationary hydraulic jump than of a fully-developed bore. Yet there were subtle differences between 
decelerating surges and steady hydraulic jumps. 
The turbulent stress data demonstrated intense turbulent mixing beneath the bore front and in the ensuing 
flow including beneath the secondary waves and whelps. The experimental findings were consistent with 
field observations and anecdotic evidences. These showed in particular the significant impact of small tidal 
bores and of non-breaking undular surges. Positive surges and tidal bores do have indeed some significant 
effect on natural and eco-systems. 
This technical report is supported by a digital appendix (Appendix B) containing five movies available at the 
University of Queensland institutional open access repository UQeSpace {http://espace.library.uq.edu.au/}. 
A glossary of technical terms is available after the list of symbols. 
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List of symbols 
The following symbols are used in this report : 
A flow cross-section area (m2); 
aw wave amplitude (m); 
B channel width (m); 
Cc dimensionless coefficient of contraction; 
DH hydraulic diameter : DH = 4×A/Pw; 
d (a) flow depth (m) measured normal to the invert; 
 (b) flow depth (m) measured above the rough screens (Experiments Series 1B); 
dc critical flow depth (m) : g/qd 2c =  in a rectangular channel; 
dconj conjugate flow depth (m) measured immediately behind the surge front; 
do initial flow depth (m) measured normal to the chute invert; 
E specific energy (m); for a horizontal channel with hydrostatic pressure distribution: 
g2
VdE
2
×+= ; 
F frequency (Hz); 
Fcutoff cutoff frequency (Hz) for low/high pass filtering; 
Fr surge Froude number defined as : oo dg/)UV(Fr ×+= ; 
f Darcy-Weisbach friction factor; 
fscreen Darcy-Weisbach friction factor of the rough screen invert; 
g gravity constant (m/s2): g = 9.80 m/s2 in Brisbane, Australia; 
H total head (m); 
h gate opening (m) after gate closure; 
k screen height (m); 
ks equivalent sand roughness height (m); 
L length (m); 
Lj hydraulic jump roller length (m); 
Lw wave length (m) measured from crest to crest; 
Pw wetted perimeter (m); 
Q volume flow rate (m3/s); 
q volume flow rate per unit width (m2/s): q = Q/B; 
Re Reynolds number; 
So bed slope : So = sinθ; 
T wave period (s); 
 free-surface undulation period (s) for an observer standing on the bank 
t time (s); 
U surge front celerity (m/s) for an observer standing on the bank, positive upstream; 
V (a) flow velocity (m/s) positive downstream; 
 (b) instantaneous velocity component (m/s); 
vii 
Vo initial flow velocity (m/s) positive downstream : Vo = q/do; 
Vx longitudinal velocity (m/s) positive downstream; 
Vy transverse velocity (m/s) positive towards the left sidewall; 
Vz vertical velocity (m/s) positive upwards; 
V⎯ (a) time-averaged velocity (m/s); 
 (b) variable interval time average (VITA) velocity (m/s); 
v turbulent velocity fluctuation (m/s) : v = V - V⎯; 
v' root mean square of turbulent velocity component (m/s); 
X longitudinal distance (m) from the gate: X = xgate-x; 
x longitudinal distance (m) measured from the channel upstream end, positive downstream; 
xgate downstream gate position (m); 
xs surge front location (m); 
y transverse distance (m) measured from the channel centreline, positive towards the left sidewall; 
z distance (m) normal to the bed; it is the vertical distance (m) for a horizontal channel; for the 
rough screen configuration, z is measured above the top of the screens; 
 
Greek symbols 
α gate angle with channel bed : α = 90º for a vertical sluice gate; 
Δd wave height (m) measured from crest to trough; 
Δdfront bore front height (m) : Δdfront = dconj - do; 
δ boundary layer thickness (m) defined in terms of 99% of the free-stream velocity; 
δt time increment (s); 
Γ dimensionless function; 
μ dynamic viscosity (Pa.s); 
π π = 3.141592653589793238462643; 
θ bed slope angle with the horizontal, positive downwards; 
ρ water density (kg/m3); 
τo boundary shear stress (Pa); 
 
Subscript 
conj conjugate flow conditions: i.e., immediately behind the positive surge front; 
low low-pass filtered component; 
x longitudinal component positive downstream; 
y component transverse to the channel centreline; 
z component normal to the invert; 
o initial flow conditions : i.e., upstream of the positive surge front; 
1 upstream flow conditions; 
2 downstream flow conditions; 
 
viii 
Abbreviations 
ADM acoustic displacement meter; 
ADV acoustic Doppler velocimeter; 
D/S downstream; 
LDA laser Doppler anemometer; 
LDV laser Doppler velocimeter; 
Std standard deviation 
U/S upstream; 
VITA variable interval time average; 
 
Notation 
Ø diameter; 
V⎯ time-average of V; 
y∂
∂  partial differentiation with respect to y. 
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Glossary 
Bélanger equation: momentum equation applied across a hydraulic jump in a horizontal channel; the 
equation was named after Jean-Baptiste BELANGER (1828). 
Éteules: French for whelps. 
Fawer jump: undular hydraulic jump. 
Hydraulic jump: stationary transition from a rapid, high-velocity flow to a slower fluvial flow motion. 
Left bank: looking downstream, towards the river mouth, the left bank is on the left. 
Mascaret: French for tidal bore (Front page and Fig. i-1). 
Pororoca: tidal bore of the Amazon river in Brazil. 
Positive surge: a positive surge results from a sudden increase in flow depth. It is an abrupt wave front. The 
unsteady flow conditions may be solved as a quasi-steady flow situation and a positive surge is called a 
hydraulic jump in translation. 
Rapidly varied flow: is characterised by large changes over a short distance (e.g. sharp-crested weir, sluice 
gate, hydraulic jump). 
Right bank: looking downstream, towards the river mouth, the right bank is on the right. 
Roller: in hydraulic engineering, a series of large-scale turbulent eddies : e.g., the roller of a hydraulic jump. 
Shock waves: in a high-velocity, supercritical flows, a flow disturbance (e.g. change of direction, 
contraction) induces the development of shock waves propagating at the free-surface across the channel. 
Shock waves are called also lateral shock waves, oblique hydraulic jumps, Mach waves, cross-waves, 
diagonal jumps. 
Stilling basin: hydraulic structure for dissipating the energy of the flow downstream of a spillway, outlet 
work, chute or canal structure. In many cases, a hydraulic jump is used as the energy dissipator within the 
stilling basin. 
Surge : a surge in an open channel is a sudden change of flow depth (i.e. abrupt increase or decrease in deth). 
An abrupt increase in flow depth is called a positive surge while a sudden decrease in depth is termed a 
negative surge. 
Supercritical flow: flow characterised by a Froude number greater than unity. 
Tidal bore: positive surge of tidal origin developing in an estuary as the tide turns to rising. 
Undular hydraulic jump : stationary hydraulic jump characterised by steady stationary free-surface 
undulations downstream of the jump and by the absence of a formed roller. An undular jump flows is 
called Fawer jump in homage to C. FAWER's work. 
Undular surge: positive surge characterised by a train of secondary waves (or undulations) following the 
surge front. Undular surges are sometimes called Boussinesq-Favre waves in homage to the contributions 
of Joseph BOUSSINESQ and H. FAVRE. 
Weak jump: A weak hydraulic jump is characterised by a marked roller, no free-surface undulation and low 
energy loss. It is usually observed after the disappearance of undular hydraulic jump with increasing 
upstream Froude numbers. 
Whelps: waves behind the leading edge of the tidal bore front. For an observer standing on the bank, the 
whelps are the wave trains (incl. secondary waves) seen after the surge front passage. 
x 
Fig. i-1 - Mascarets (tidal bores) 
(A) Mascaret of the Dordogne River at Saint Pardon on 22 July 2008 - Note the surfer riding ahead of the 
third wave crest 
 
 
(B) Mascaret of the Garonne River at Podensac on 22 July 2008 
 
 
1 
1. Introduction 
1.1 Presentation 
A positive surge results from a sudden change in flow that increases the depth (e.g. HENDERSON 1966, 
CHANSON 1999) (Fig. 1-1). Figure 1-1 presents a number of positive surge photographs. The positive surge 
is the unsteady flow analogy of the stationary hydraulic jump. The inception and development of a positive 
surge are commonly predicted using the method of characteristics and the Saint-Venant equations (BARRE 
DE SAINT VENANT 1871 (1), LIGGETT 1994, MONTES 1998, CHANSON 2004a). After formation of 
the surge, the flow properties immediately upstream and downstream of the front must satisfy the continuity 
and momentum principles (RAYLEIGH 1908, HENDERSON 1966, LIGGETT 1994, CHANSON 2004a). 
Positive surges were studied by hydraulicians and applied mathematicians for a few centuries. Pertinent 
reviews comprised BENJAMIN and LIGHTHILL (1954), and CUNGE (2003). Major contributions on 
positive surges included the works of BAZIN (1865), BARRE DE SAINT VENANT (1871), BOUSSINESQ 
(1877), and more recently LEMOINE (1948), SERRE (1953), BENJAMIN and LIGHTHILL (1954) and 
PEREGRINE (1966). For surge Froude numbers less than 1.5 to 1.8, the surge front is followed by a train of 
well-formed, quasi-periodic waves called undulations. This is the undular (non-breaking) surge (Fig. 1-1A). 
For larger surge Froude numbers, the surge is characterised by a breaking front (Fig. 1-1B). 
A geophysical application is the tidal bore (Fig. 1-2). A tidal bore is a series of waves propagating upstream 
as the tidal flow turns to rising. It forms during spring tide conditions when the flood tide is confined to a 
narrow funnelled channel. A tidal bore on the Indus river wiped out the fleet of Alexander the Great in B.C. 
325 (or B.C. 326 ?) (ARRIAN 1976, Vol. 2, pp. 156-161, Anabis of Alexander, VI, 19; QUINTUS 
CURCIUS 1984 p. 233, Book 9, [9]). The best historically documented tidal bores were those of the 
Qiantang, Seine and Dordogne rivers. The latter (Fig. 1-2A & 1-2B) was mentioned by Bernard PALISSY 
(1510-1589) and Nicolas BREMONTIER (1738-1809). BREMONTIER understood in particular that the 
tidal wave was amplified by the funnel shape and bathymetry of the Gironde estuary (BREMONTIER 1809). 
To date, most experimental studies of positive surges were limited to visual observations and sometimes 
free-surface measurements (CHANSON 2005). Only a limited number of studies encompassed turbulence 
measurements (HORNUNG et al. 1995, KOCH and CHANSON 2008a,2008b). Such unsteady 
measurements provided an unique characterisation of the advancing front, of the turbulence field, and of the 
associated turbulent mixing processes. In this study, unsteady turbulence measurements were performed in 
positive surges on smooth and rough beds. Further observations were conducted in decelerating surges 
travelling against an initially steady flow. It is the aim of this work to detail the surge front processes 
including the unsteady turbulence based upon experimental data obtained in a large size facility under 
carefully controlled flow conditions. The results provide an unique characterisation of the flow field, with a 
detailed assessment of bed roughness effects, and of the turbulence in decelerating positive surges. 
                                                     
1 In his milestone paper, Adhémar Jean Claude BARRÉ de SAINT VENANT (1797-1886) applied his famous 
equations to the tidal bore of the Seine River (BARRÉ de SAINT VENANT 1871). 
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Fig. 1-1 - Photographs of positive surges 
(A) Undular surge propagating from left to right (Fr = 1.4, do = 0.079 m, Vo = 1.0 m/s, Run 080330_T29) 
 
 
(B) Looking downstream at an advancing breaking surge (Fr = 1.5, do = 0.139 m, Vo = 0.83 m/s, Run 
080416) 
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Fig. 1-2 - Photographs of tidal bores 
(A) Aerial view of the Dordogne River tidal bore on 27 Sept. 2006, propagating upstream from top to bottom 
(Courtesy of Antony COLAS) 
 
 
(B) Dordogne River tidal bore on 4 July 2008, propagating upstream from bottom left to top right 
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(C) Garonne River tidal bore at Arsins (Latresne) on 5 July 2008 propagating from right to left - Note the 
strong reflection in an inlet on the foreground  
 
 
(D) Details of the Garonne River tidal bore front at Arsins (Latresne), propagating upstream from right to left 
(Courtesy of François CHARRU) 
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The present study examines in details the turbulence and turbulent mixing generated by the passage of a 
positive surge and tidal bore for a range of flow conditions including bed roughness and bed slope. The 
experimental facility and instrumentation are described in section 2. The basic flow patterns are shown in 
section 3. The main results in terms of turbulent velocities and Reynolds stresses are presented in sections 4 
and 5, and discussed in section 6. A glossary of technical terms is available at the beginning after the list of 
symbols. The technical report is supported by a digital appendix (Appendix B) containing five movies 
available at the University of Queensland institutional open access repository UQeSpace 
{http://espace.library.uq.edu.au/}. 
 
1.2 Surges progressing against an adverse slope 
Although most studies considered horizontal channels, a wide range of practical applications encompasses 
positive surges propagating upstream on downward sloping channels: e.g., tidal bores in estuarine zones, 
rejection surges in power canals serving hydro-power stations during sudden decrease in power output 
(CHOW 1959). When a positive surge propagates upstream against a supercritical flow on a steep slope, the 
surge will progressively decelerate and becomes a stationary hydraulic jump. Such a situation is commonly 
observed when setting up a stationary hydraulic jump down a sloping laboratory channel. In the particular 
case of undular surges, the transformation may take several minutes: "a weak undular surge would stop 
before the upstream end of the channel and it would become an undular jump after a long period of times 
(over 5-10 minutes). Visual observations indicate that [...] it would take several minutes (up to 20 minutes) 
before the surge front is stable (stationary)" (CHANSON 1995, p. 6-7). 
The transition from positive surge to stationary jump is a challenging transformation of the turbulent flow 
field. Recent unsteady turbulence measurements in advancing positive surge (HORNUNG et al. 1995, 
KOCH and CHANSON 2005,2008a) showed marked differences with turbulence observations in stationary 
hydraulic jump rollers (RESCH and LEUTHEUSSER 1972, LIU et al. 2004). These findings hinted a major 
transformation of the turbulence field during the deceleration phase(s) and transition from positive surge to 
stationary hydraulic jump. 
There is an ample bibliography on hydraulic jumps down sloping channels (e.g. HAGER 1992) (Fig. 1-3). In 
most studies, the water surface and channel bottom downstream of the jump was assumed horizontal. A 
pertinent contribution was the study of BAKHMETEFF and MATZKE (1938) who did not assume a 
horizontal downstream free-surface. Considering a hydraulic jump in a sloping rectangular channel, the 
application of the momentum principle in the longitudinal direction yields : 
 θ×+×θ×−××ρ×=−××ρ sinWeightBcos)dd(g
2
1)VV(Q 22
2
oo2  (1-1) 
where the subscripts o and 2 refer to the upstream and downstream flow conditions respectively, d and V are 
respectively the flow depth and velocity, Q is the discharge, B is the channel width, Weight is the weight of 
the control volume and θ is the angle of the channel with the horizontal (Fig. 1-3B). The analysis of 
BAKHMETEFF and MATZKE (1938) implied that the ratio of the downstream to upstream depths satisfies: 
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Fr63.627.1
1
d
d
d
d
 0 < θ < 4º  (1-2) 
where Fro is the inflow Froude number (Fro = Vo/ odg× ), So is the bed slope (So = sinθ) and dconj is the 
downstream conjugate depth for a horizontal channel : 
 ⎟⎠
⎞⎜⎝
⎛ −×+×= 1Fr81
2
1
d
d 2
o
o
conj  (1-3) 
Equation (1-2) was extended to steeper slopes. Experimental observations showed that the ratio of the 
downstream to upstream depths was correlated by : 
 
2
1Fr102
d
d
o
027.0
o
2 −××= θ×  0 < θ < 17º (HAGER 1992) (1-4) 
where θ is expressed in degrees in Equation (1-4). Further experiments suggested that the length of the 
hydraulic jump was about : 
 θ×+= tan72.570.5
d
L
2
j  0 < θ < 20º (OHTSU and YASUDA 1991) (1-5) 
where Lj is the jump length. 
When a travelling surge becomes arrested and transforms into a stationary hydraulic jump, the hydraulic 
jump may be an undular hydraulic ump for relatively small inflow Froude numbers : i.e., Fro less than 1.5 to 
3.5 depending upon the relative aspect ratio (CHANSON 2007,2008). For larger inflow Froude numbers, the 
jump has a marked roller with significant air entrainment. 
 
Fig. 1-3 - Sketch of hydraulic jump flows 
(A) Hydraulic jump in a horizontal channel 
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(B) Hydraulic jump in a sloping channel 
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2. Experimental facility and methods 
2.1 Experimental facilities 
New experiments were performed in the large tilting flume at the University of Queensland previously used 
by KOCH and CHANSON (2005,2008a) (Table 2-1, Fig. 2-1). The channel was 0.5 m wide 12 m long, and 
its slope could be changed between experiments. The flume was made of smooth PVC bed and glass walls, 
and the waters were supplied by a constant head tank. A tainter gate was located next to the downstream end. 
For a series of experiments, the bed slope was set at zero (Series 1, Table 2-1). During another series of 
experiments, the channel slope So was set between 0.009 and 0.027, and the gate opening h after sudden gate 
closure ranged from 10 mm to 105 mm (Series 2, Table 2-1). Additional experiments were further conducted 
in a 20 m long, 0.25 m wide tilting flume for flow visualisations. 
The water discharge was measured with orifice meters that were designed based upon the British Standards 
(British Standard 1943). The percentage of error was expected to be less than 2%. In steady flows, water 
depths were measured using rail mounted pointer gauges and acoustic displacement meters. Unsteady water 
depths were measured with a series of acoustic displacement meters. A Microsonic™ Mic+35/IU/TC unit 
was located immediately upstream of the tainter gate and a further 6 acoustic displacement meters 
Microsonic™ Mic+25/IU/TC were spaced along the channel between x = 9 and 2 m, where x is the 
longitudinal distance from the channel upstream end. Further informations on the sensor characteristics are 
reported in Table 2-2. Pressure and velocity measurements in steady flows were performed with a Prandtl-
Pitot tube (3.3 mm ∅) which was previously calibrated as a Preston tube based upon in-situ experiments 
(CHANSON 2000). 
Turbulent velocity measurements were conducted with an acoustic Doppler velocimeter Nortek™ Vectrino+ 
(Serial No. VNO 0436) equipped with a three-dimensional side-looking head (Fig. 2-2). For the experiments, 
the velocity range was 1.0 m/s, the sampling rate was 200 Hz and the data accuracy was 1%. The ADV was 
set up with a transmit length of 0.3 mm and a sampling volume of 6 mm diameter and 1.5 mm height. Both 
the acoustic displacement meters and acoustic Doppler velocimeter were synchronised within +/- 1 ms, and 
they were sampled simultaneously at 200 Hz using a high-speed data acquisition system NI DAQCard-
6024E (2). In addition, preliminary tests were conducted with an acoustic Doppler velocimeter Sontek™ 16 
MHz micro-ADV (serial number A641F). The probe had a two-dimensional side-looking head. The velocity 
range was 2.5 m/s, the data accuracy was 1%, and the sampling rate was 50 Hz. For all experiments, the 
ADV unit was located at x = 5 m, as in the earlier study of KOCH and CHANSON (2005) in the same 
channel. 
The translation of the ADV probes in the vertical direction was controlled by a fine adjustment travelling 
mechanism connected to a MitutoyoTM digimatic scale unit. The error on the vertical position of the probe 
was Δz < 0.025 mm. The accuracy on the longitudinal position was estimated as Δx < +/- 2 mm. The 
accuracy on the transverse position of the probe was less than 1 mm. Herein all the measurements were taken 
on the channel centreline since the earlier work of KOCH and CHANSON (2005,2008a) showed little 
                                                     
2 Maximum sampling rate: 200 kHz. 
9 
transverse differences but close to the sidewall where the acoustic Doppler velocimetry was adversely 
affected by the sidewall proximity (CHANSON et al. 2007). 
Additional information was obtained with a digital camera Panasonic™ Lumix DMC-FZ20GN (shutter: 8 to 
1/2,000 sec.). Several photographs of the experimental facility and of the experiments are presented in 
Appendix A. Some movies of the experiments are available in the form of a digital appendix (Appendix B). 
 
Fig. 2-1 - Experimental facility 
(A) Photograph of the experimental channel looking downstream 
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(B) Definition sketch of the surge front propagation 
 
 
Fig. 2-2 - Photographs of the Nortek Vectrino+ acoustic Doppler velocimeter 
(A) General view of the ADV system and displacement meter Mic+25 - Sampling volume located at x = 5 m 
and z = 105.8 mm - Flow from right to left 
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(B) Details of the three-dimensional side-looking head above the rough screens - Flow from right to left 
 
 
Table 2-1- Experimental flow conditions 
 
Reference So Q do Gate 
opening h
Surge type at 
x = 5 m 
U Fr Remarks 
  m3/s m m  m/s   
(1)  (2) (3) (4) (5) (6) (7) (8) 
HORNUNG 
et al. (1995) 
0 0 -- N/A Undular to 
breaking (+) 
-- 1.5 to 6 Smooth bed. 
L = 24 m. 
KOCH and 
CHANSON 
(2005,2008a) 
0 0.040 0.079 0.010 to 
0.092 
Undular to 
breaking 
0.14 to 
0.68 
1.31 to 
1.93 
Smooth PVC bed. 
L = 12 m, B = 0.5 m. 
Present study         
Series 1A 0 0.058 0.137 0.010 to 
0.110 
Undular to 
breaking 
0.56 to 
0.90 
1.17 to 
1.49 
Smooth PVC bed. 
L = 12 m, B = 0.5 m. 
Series 1B 0 0.058 0.142 (*) 0.010 to 
0.105 
Undular to 
breaking 
0.50 to 
0.89 
1.13 to 
1.47 
Rough screens (k = 8 mm).
L = 12 m, B = 0.5 m. 
Series 2A 0.0145 0.058 0.070 0.091 Decelerating & 
breaking 
0.03 2.02 Smooth PVC bed. 
L = 12 m, B = 0.5 m. 
Series 2B 0.009 to 
0.027 
0.035 to 
0.06 
0.040 to 
0.072 
0.015 to 
0.100 
Decelerating: 
undular to 
breaking 
0.002 to 
0.22 
1.71 to 
2.83 
Smooth PVC bed. 
L = 12 m, B = 0.5 m. 
 
Notes: do : initial depth measured at x = 5 m; Fr : surge Froude number ( oo dg/)UV(Fr ×+= ); h : gate 
opening after gate closure; Q: initial steady flow rate; U: surge front celerity measured at x = 5 m; (+) at 5.2 
m from the gate; (*) measured above the screens. 
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Table 2-2 - Characteristics of the ultrasonic acoustic displacement meters (Ref. MicrosonicTM 
{http://www.microsonic.de}) 
 
Characteristic Microsonic™ 
Mic+25/IU/TC 
Microsonic™ 
Mic+35/IU/TC 
Units 
(1) (2) (3) (4) 
Accuracy 0.18 0.18 mm 
Response time 50 70 ms 
Ultrasonic frequency 320 400 Hz 
Wave length (at 20 C) 1.1 0.9 mm 
Detection zone radius at operating range 22 37.5 mm 
Blind zone : 30 60 mm 
Operating range 250 350 mm 
Maximum range : 350 600 mm 
 
Bed roughness 
For some experiments (Series 1B, Table 2-1), the smooth PVC channel bed was covered with rough screens 
for 2.5 < x < 8.6 m where x is the longitudinal distance from the channel intake. The screens were made from 
plastic electrical lighting louvers with square patterns (16 mm size, 1 mm thick, 8 mm high) (Fig. 2-2B). A 
similar screen roughness was used by GONZALEZ et al. (2005,2008). 
The hydraulic roughness of the screens was tested with steady flow conditions in two long channels 
independently. In a 20 m long, 0.25 m wide tilting flume with glass sidewalls, the bed was covered with 
rough screens for a 10 m length, and gradually-varied flows were recorded in the fully-developed flow 
region for a range of flow rates (0.017 to 0.04 m3/s) and bed slopes (So = 0.09 to 0.15). The bed shear stress 
was deduced from the measured friction slope. The equivalent Darcy friction factor of the screens ranged 
from fscreen = 0.05 to 0.08, corresponding to a Gauckler-Manning coefficient of about 0.016 to 0.02 s/m1/3. 
The results were basically independent of Reynolds number and the data were best correlated by : 
 
823.0
Hscreen D
k252.0
f
1
−
⎟⎟⎠
⎞
⎜⎜⎝
⎛×=  (2-1) 
with a normalised correlation coefficient of 0.783, where k is the screen height (k = 8 mm) and DH is the 
hydraulic diameter. The best correlation with the Colebrook-White formula was obtained using an equivalent 
sand roughness height ks = 6.6 mm that was comparable to the screen thickness k = 8 mm.  
In the present flume, the gradually-varied flow properties were recorded for one flow rate (0.0583 m3/s) and 
zero bed slope. Based upon the friction slope data, the equivalent Darcy friction factor of the screens was 
fscreen = 0.06 to 0.07. The result was consistent with the other tests (Eq. (2-1)). 
 
2.2 Inflow conditions 
Detailed measurements of the velocity distributions were performed in steady flows at x = 5 m. The results 
are presented in Figure 2-3 in which each graph corresponds to the inflow conditions of the positive surge 
experiments Series 1A, 1B and 2A respectively (Tables 2-1 and 2-3). 
First the data showed that the flow was partially-developed at x = 5 m for all investigated flow conditions 
(Fig. 2-3). The boundary layer thickness data are summarised in Table 2-3 (column 6). The findings were 
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close to and consistent with the earlier study of KOCH and CHANSON (2005). 
Second the experimental observations showed a marked effect of the bed roughness with substantial 
differences between the smooth bed and rough screen data for the same flow rate and bed slope. For 
example, let us compare Figures 2-3A and 2-3B. Larger turbulent velocity fluctuations were observed above 
the rough screens, while the vertical distribution of longitudinal velocity exhibited a flatter shape (Fig. 2-
3B). 
Third, in the boundary layer flow, the dimensionless turbulent velocity fluctuations were respectively vy'/vx' 
= 0.49 and vz'/vx' = 1.3. The findings were close for all inflow conditions including both smooth and rough 
beds. The results are compared with previous studies in Table 2-4. The relative transverse velocity 
fluctuation observation vy'/vx' = 0.49 was in agreement with a previous study in the same channel (vy'/vx' = 
0.52, KOCH and CHANSON 2005) although it differed from others results (Table 2-4, column 3). The 
relative vertical velocity fluctuation data vz'/vx' were in apparent contradiction with most previous results 
(Table 2-4, column 4). It is believed that this discrepancy was likely caused by the ejection of large scale 
vortical structures in the channel intake structure for that particular flow rate. The writer observed such large 
eddies developing in the intake structure and interacting with the free-surface on the channel centreline at x = 
1 to 3 m. The organised structures affected the flow field next to the channel centreline, yielding larger 
vertical turbulent velocity fluctuations. This effect would be consistent with the measurements of MURZYN 
and BELORGEY (2005) who observed vz'/vx' = 0.8 to 1.1 in a grid-generated turbulent open channel flow 
(Table 2-4). 
 
Table 2-3- Turbulence measurements in positive surges and bores : experimental flow conditions 
 
Reference So Bed Q do δ/do Gate 
h 
Surge type 
at x = 5 m
U dconj Fr 
   m3/s m  m  m/s m  
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
HORNUNG et al. 
(1995) 
0 Smooth 0 -- 0 N/A Breaking (+) -- -- 2 to 6 
KOCH and CHANSON 
(2005,2008a) 
0 Smooth 0.040 0.079 0.61 0.080 Undular 0.235 0.116 
(#) 
1.4 
      0.020 Breaking 0.541 0.168 1.8 
Present study           
Series 1A 
Smooth bed 
0 Smooth 0.058 0.137 0.32 0.100 Undular 0.55 0.169 
(#) 
1.17 
      0.010 Breaking 0.90 0.229 1.50 
Series 1B 
Rough bed 
0 Rough 
screens 
0.058 0.142 
(*) 
0.48 0.095 Undular 0.55 0.159 
(#) 
1.20 
      0.010 Undular / 
Breaking 
0.89 0.234 
(#) 
1.46 
Series 2A 0.0145 Smooth 0.058 0.070 0.30 0.090 Decelerating 
& breaking 
0.03 N/A 2.02 
Series 2B 0.0142 Smooth 0.058 0.070 -- 0.095 Decelerating 
& breaking 
0.013 N/A 2.01 
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Reference Fr Instrumentation Remarks 
    
(1) (11) (12) (13) 
HORNUNG et al. (1995) 2 to 6 DPIV, Sampling: 15 Hz, 
500×650 pixels, 1 pixel = 
0.2×0.2 mm2 
Initially still waters. 
KOCH and CHANSON 
(2005,2008a) 
1.4 MicroADV (16 MHz), 
Sampling: 50 Hz, Sampling 
Run 050519 
 1.8 volume: 4.2×4.2×6.2 mm3 Run 050530 
Present study    
Series 1A 
Smooth bed 
1.17 Vectrino+ ADV (10 MHz), 
Sampling: 200 Hz, Sampling 
Run 080422 
 1.50 volume: 6×6×1.5 mm3 Run 080416 
Series 1B 
Rough bed 
1.20 Vectrino+ ADV (10 MHz), 
Sampling: 200 Hz, Sampling 
Run 080430 
 1.46 volume: 6×6×1.5 mm3 Run 080428 
Series 2A 2.02 Vectrino+ ADV (10 MHz), 
Sampling: 200 Hz, Sampling 
volume: 6×6×1.5 mm3 
Run 080424. Arrested surge front 
location: xs = 2.65 m. 
Series 2B 2.01 MicroADV (16 MHz), 
Sampling: 50 Hz, Sampling 
volume: 4.2×4.2×6.2 mm3 
Run 071121. Arrested surge front 
location: xs = 4.35 m. 
 
Notes: dconj : conjugate depth measured immediately behind the surge front; do : initial depth measured at x = 
5 m; Fr : surge Froude number; h : gate opening after gate closure; U: surge front celerity measured between 
x = 6 and 5 m; δ : boundary layer thickness at x = 5 m; (+) at 5.2 m from the gate; (*) measured above the 
screens; (#) average between crest and trough elevations. 
 
Fig. 2-3 - Inflow conditions: dimensionless distribution of velocity Vx/Vo and turbulent velocity fluctuations 
vx'/Vo, vy'/Vo and vz'/Vo at x = 5 m 
(A) Smooth bed and horizontal channel: Q = 0.058 m3/s, do = 0.137 m, x = 5 m, Series 1A 
Vx/Vo, vx'/Vo, vy'/Vo, vz'/Vo
z/
d o
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Run 080416
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Sampling: 200 Hz for 180 s
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1/7th power law
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(B) Rough screens and horizontal channel: Q = 0.058 m3/s, do = 0.142 m, x = 5 m, Series 1B 
Vx/Vo, vx'/Vo, vy'/Vo, vz'/Vo
z/
d o
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
0
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0.7
0.8
Run 080428 (rough screen)
Inflow conditions at x = 5 m
Sampling: 200 Hz for 120 s
Vx/Vo
vx'/Vo
vy'/Vo
vz'/Vo
1/5th power law
 
 
(C) Smooth bed and inclined channel: Q = 0.058 m3/s, do = 0.070 m, x = 5 m, Series 2A 
Vx/Vo, vx'/Vo, vy'/Vo, vz'/Vo
z/
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0
0.1
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0.8
Run 080424 (inclined slope)
Inflow conditions at x = 5 m
Smooth PVC bed (inclined slope)
Sampling: 200 Hz for 100 s
Vx/Vo
vx'/Vo
vy'/Vo
vz'/Vo
1/7th power law
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Table 2-4 - Relative turbulent fluctuations in boundary layer flows 
 
Flow conditions Reference vy'/vx' vz'/vx' Remarks 
(1) (2) (3) (4) (5) 
Developing boundary 
layers 
    
Wind tunnels DEGRAAFF and 
EATON (2000) 
-- 0.5 to 
0.7 
LDA measurements. Smooth wall. 
 KROGSTAD et al. 
(2005) 
0.6 to 1 0.35 to 
0.75 
Hot-wire measurements. Smooth 
wall. 
  0.6 to 
0.95 
0.35 to 
0.7 
Hot-wire measurements. Rough wall.
Water tunnel KARLSSON and 
JOHANSSON 
(1986) 
0.7 to 
0.8 
0.5 to 
0.6 
LDA measurements. Smooth wall. 
Open channels TACHIE et al. 
(2004) 
-- 0.3 to 
0.4 
LDA measurements. Smooth and 
rough channels. 
 KOCH and 
CHANSON (2005) 
0.52 -- ADV measurements. Smooth bed 
 MURZYN and 
BELORGEY (2005)
-- 0.91 ADV measurements. Smooth bed 
downstream of a grid. 
 Present study 0.5 1.48 ADV measurements. Smooth bed. 
  0.49 1.31 ADV measurements. Rough screens. 
  0.44 1.17 ADV measurements. Smooth bed & 
supercritical flow. 
Fully-developed open 
channels 
KOMORI et al. 
(1983) 
0.55 0.4 to 
0.9 
Hot-wire measurements. Smooth 
channel. 
 NEZU and 
NAKAGAWA 
(1993) 
0.71 0.55 LDA measurements. Smooth 
channels. 
 XIE (1998) 1.3 0.5 to 
0.7 
LDA measurements. Smooth 
channel. 
Natural channels BOWDEN and 
FERFUSON (1980) 
0.7 0.5 Electro-magnetic current meter data 
in the Irish Sea. 
 WEST and SHIONO 
(1988) 
-- 0.5 to 
0.75 
Electro-magnetic current meter data 
in the Teign River estuary. 
 KAWANISI and 
YOKOSI (1994) 
-- 0.2 to 
0.6 
Electro-magnetic current meter data 
in the Ohta River estuary. 
 NIKORA and 
GORING (2000) 
0.71 0.55 ADV measurements in Balmoral 
irrigation canal. 
 KAWANISI (2004) -- 0.25 to 
0.5 
High-resolution current profile data 
in the Ohta River estuary. 
 TREVETHAN et al. 
(2006,2008) 
0.7 to 
1.2 
0.2 to 
0.7 
ADV measurements in Eprapah 
Creek estuary. 
 
Note : vx' : longitudinal velocity fluctuation; vy' : transverse velocity fluctuation; vz' : normal velocity 
fluctuation. 
 
2.3 Positive surge generation 
A series of general observations were conducted for a range of flow conditions (Table 2-1). The 
experimental setup was selected to generate both undular bores and breaking surges with the same initial 
flow rate Q. The only dependant parameters were the bed slope So, the bed roughness and the downstream 
gate opening after closure h. Steady gradually-varied flow conditions were established for at least 3 minutes 
prior to measurements and the data acquisition was started 100 to 180 s minutes prior to gate closure. A 
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positive surge was generated by the rapid partial closure of the downstream gate. The gate was identical to 
that used by KOCH and CHANSON (2005,2008a) and the gate closure time was less than 0.2 s. After 
closure, the bore propagated upstream and each experiment was stopped before the bore front reached the 
intake structure to avoid wave reflection interference. Note that, at the downstream gate (x = 11.15 m), the 
channel bed was smooth; the rough screens were installed upstream of x = 8.6 m in the Experiments Series 
1B. The movie 080430ChansonP1040592.MOV (App. B) illustrates the positive surge generation by the 
downstream gate closure and the transformation of the breaking surge into an undular surge propagating 
upstream above the rough screens. 
The acoustic displacement meters were located at x = 10.9 m, 9.0 m, 6.0 m, 5.0 m, 4.0 m, 3.0 and 1.99 m. 
The sensor at x = 5 .0 m sampled the free-surface elevation immediately above the ADV sampling volume. 
Figure 2-2A shows the acoustic displacement meter and the ADV unit at x = 5 m. 
Turbulence studies of positive surges were conducted with one discharge, two bed slopes, two bed roughness 
and two types of surges (Table 2-3). For each experiment, the ADV unit was located at x = 5 m and y = 0 (on 
channel centreline). At that sampling location, the initial steady flow was partially-developed for all 
investigated flow conditions with δ/do = 0.3 to 0.5 (Fig. 2-3, Table 2-3). 
 
Positive surge experiments against an adverse slope 
For each positive surge experiment against an adverse slope, the initial steady flow was uncontrolled, and the 
bed slope and the flow rate were maintained constant throughout the experiment. The steady flow was 
supercritical and the gradually-varied flow profile was a profile S2 (BRESSE 1860, CHOW 1959, 
CHANSON 2004a). Figure 2-4 presents two longitudinal free-surface profiles. In Figure 2-4, the 
dimensionless time-averaged depth d/dc and standard deviation of the water depth d'/dc are shown as function 
of the dimensionless longitudinal distance x/dc. The water depth data are compared with the backwater 
curve. 
The positive surge was generated by the rapid closure of a downstream tainter gate located at x = 11.15 m. 
For each unsteady experiment, the data acquisition was started 2 minutes prior to gate closure. After gate 
closure, the travelling surge propagated upstream against the gradually-varied flow. The positive surge 
characteristics were controlled by the bed slope So, the flow rate Q and the gate opening height h after 
closure. For some experiment, the surge front travelled the full channel length and the experiment was 
stopped when the bore front reached the channel intake structure. In other tests, the surge front decelerated 
and stopped prior to the channel upstream end, and the data acquisition was conducted for up to 14 minutes 
after gate closure. 
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Fig. 2-4 - Longitudinal free-surface profile d/dc and free-surface fluctuations d'/dc of the initially-steady 
uncontrolled flow 
(A) So = 0.00943, Q = 0.0424 m3/s, Run 071101_01 
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(B) So = 0.01417, Q = 0.0599 m3/s, Run 071112_01 
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2.4 Downstream gate closure and boundary conditions 
The rapid closure of the downstream gate induced a rise in upstream water level associated with the upstream 
propagation of a positive surge. The characteristics of the tainter gate are summarised in Table 2-5. For 
several gate openings h, Table 2-5 lists the measured gate angle α with the invert (column 2) and the 
corresponding contraction coefficient Cc = d2/h (column 3) (Fig. 2-5). The latter was interpolated from ideal 
fluid flow calculations by von MISES (1917) for two-dimensional orifice flow (e.g. ROUSE 1946). Figure 
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2-5 shows the downstream gate arrangement. 
After gate closure, the downstream boundary conditions of the positive surge were set by the gate opening 
(after closure) which affected both the water level immediately upstream of the gate and the water discharge 
through the gate. For each experiment, the instantaneous water depth upstream of the gate was recorded with 
an ultrasonic displacement meter located at x = 10.9 m. Some typical recordings are presented in Figure 2-6. 
The data are the dimensionless depth d/dc (measured at x = 10.9 m) as a function of the dimensionless time 
cd/gt ×  since gate closure, where dc is the critical flow depth. In Figure 2-6, the depth measurements 
became meaningless for cd/gt ×  > 1000 because the distance between the acoustic displacement sensor 
and water surface became too small. 
Once the surge was arrested, the flow beneath the gate became stationary, and the continuity equation and 
Bernoulli principle gave a series of relationships between the upstream and downstream flow properties 
(HENDERSON 1966, CHANSON 2004a) : 
 BdVBdVQ 2211 ××=××=  Continuity equation  (2-2) 
 
g2
Vd
g2
VdE
2
2
2
2
1
1 ×+=×+=  Bernoulli principle  (2-3) 
where Q is the steady flow rate, E is the specific energy, g is the gravity acceleration, B is the channel width, 
V and d are the flow velocity and depth respectively, and the subscripts 1 and 2 refer to the flow conditions 
upstream and downstream of the gate respectively. Equation (2-3) assumes quasi-hydrostatic pressure 
distributions both upstream and downstream of the gate, and no energy loss through the gate, while it 
neglects the effect of bed slope. Further : d2 = Cc×h. 
A combination of Equations (2-2) and (2-3) gives an estimate of the upstream flow depth as a function of the 
specific energy E and critical flow depth dc (CHANSON 1999,2004a). It yields : 
 ⎟⎟⎠
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⎛×−=Γ  
Equation (2-4) is compared with experimental data in Figure 2-6. Generally, Equation (2-4) was found to be 
in good agreement with the experimental measurements, although it was developed neglecting bed slope and 
boundary friction effects. 
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Fig. 2-5 - Definition sketch of the tainter gate at the downstream end of the channel 
 
 
Table 2-5 - Tainter gate characteristics: gate opening h and contraction coefficient Cc 
 
Gate opening 
h 
Gate angle 
with invert α 
Cc (*) Remarks 
m degrees   
(1) (2) (3) (4) 
0 90 0.611 Gate fully-closed. 
10 90.25 0.611  
20 90.50 0.610  
30 91.75 0.608  
40 92.92 0.606  
50 93.92 0.605  
60 95.50 0.602  
70 96.00 0.601  
80 96.92 0.600  
90 98.25 0.597  
100 99.67 0.595  
 
Note: Cc : contraction coefficient Cc = d2/h; (
*) interpolated from von MISES (1917). 
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Fig. 2-6 - Time-variations of the dimensionless water depth d/do measured at x = 10.9 m following by a gate 
closure - So = 0.01417, Q = 0.0581 m3/s, h = 0.095 m - Comparison with Equation (2-4) 
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2.5 ADV signal processing and analysis 
Acoustic Doppler velocimetry (ADV) measurements are performed by measuring the velocity of particles in 
a remote sampling volume based upon the Doppler shift effect (e.g. VOULGARIS and TROWBRIDGE 
1998, McLELLAND and NICHOLAS 2000). An ADV system records simultaneously four values with each 
component of a sample: the velocity component, the signal strength value, the correlation value and the 
signal-to-noise ratio. Past and present experiences demonstrated many problems because the signal outputs 
combine the effects of velocity fluctuations, Doppler noise, signal aliasing, turbulent shear and other 
disturbances (LEMMIN and LHERMITTE 1999, GORING and NIKORA 2002, CHANSON et al. 
2005,2007,2008, KOCH and CHANSON 2005, DOROUDIAN et al. 2007). For all experiments, the present 
experience demonstrated recurrent problems with the velocity data, including low correlations and low signal 
to noise ratios (Fig. 2-7). The situation improved drastically by mixing some vegetable dye (Dytex Dye™) in 
the entire water recirculation system, and stirring dirt in the intake chamber. Other problems were 
experienced with boundary proximity. 
In steady flows, the signal processing removed all the samples with communication errors, average 
correlation below 70% or signal-to-noise ratio (SNR) below 15 dB (NIKORA and GORING 2000). Further 
the data were "despiked" using a phase-space thresholding technique (GORING and NIKORA 2002, WAHL 
2003, CHANSON et al. 2008) (3). Signal checks indicated that the streamwise and transverse velocity data 
were not affected by the presence of the channel bed, but the vertical velocity data were adversely affected 
by the presence of the bed for z < 0.030 m (Fig. 2-7). This was associated with a secondary peak in SNR and 
                                                     
3 The signal processing was performed with WinADV 2.025. 
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amplitude, illustrated in Figure 2-7 around 70 mm from the emitter (4). 
While several ADV post-processing techniques were devised for steady flows (e.g. NIKORA and gORING 
1998, GORING and NIKORA 2002, WAHL 2003), these post-processing techniques are not applicable to 
unsteady flows (e.g. NIKORA 2004, Person. Comm., KOCH and CHANSON 2005, CHANSON et al. 
2008). In the present study, unsteady flow post-processing was limited to a removal of communication 
errors, and it is acknowledged that the Vz vertical velocity component data may be affected by the bed 
proximity for z < 0.030 m. 
 
Fig. 2-7 - Instantaneous SNR at z = 0.0088 mm in absence of any form of seeding - Run 080421_00, Q = 
0.0576 m3/s, x = 5 m, do = 0.1394 m 
 
 
Reynolds stress estimates in rapidly-varied flow motion 
In turbulence studies, the measured statistics are based upon the analysis of instantaneous turbulent velocity 
data : v = V - V , where V  is a time-averaged velocity. If the flow is "gradually-varied", V  must be a low-
pass filtered velocity component, or variable-interval time average VITA (PIQUET 1999). The cutoff 
frequency must be selected such that the averaging time is greater than the characteristic period of 
fluctuations, and small with respect to the characteristic period for the time-evolution of the mean properties 
(e.g. KOCH and CHANSON 2006,2008a, GARCIA and GARCIA 2006). In highly unsteady flows, 
experiments have to be repeated many times, and the turbulent velocity fluctuation becomes the deviation of 
the instantaneous velocity from the ensemble average (BRADSHAW 1971). 
In undular surge flows, the Eulerian flow properties showed an oscillating pattern with a period of about 2 s 
that corresponded to the period of the free-surface undulations. The unsteady data were therefore filtered 
with a low/high-pass filter threshold greater than 0.5 Hz (i.e. 1/2 s) and smaller than the Nyquist frequency 
(herein 100 Hz). Following KOCH and CHANSON (2005,2006), a cutoff frequency was selected as: Fcutoff = 
1 Hz. The same filtering technique was applied to all velocity components, and for both breaking and non-
                                                     
4 In Figure 2-7, a large peak in SNR is seen for all beams at 300 mm from the emitter : i.e., the left sidewall. 
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breaking (undular) surge experiments. Reynolds stresses were calculated from the high-pass filtered signals 
(see also Appendix C). 
 
2.6 Remarks 
The present study focused on simple laboratory experiments performed under controlled flow conditions in a 
relatively large size flume. The writer was well aware of physical modelling limitations including scale 
effects. The latters could be particularly significant in narrow channels (sidewall effects) and with small 
initial depths associated with low Reynolds numbers (viscous effects). The present setup was selected to 
minimise potential scaling effects based upon a Froude similitude with the selection of large initial depths 
and velocities, a relatively wide and long channel, and large Reynolds numbers : i.e., do > 0.040 m, Vo > 0.5 
m/s, B = 0.5 m, Re > 2.8 105. 
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3. Positive surge propagation and free-surface profiles 
3.1 Positive surge propagation on a horizontal channel 
3.1.1 Presentation 
Visual observations and non-intrusive unsteady free-surface measurements were performed for a range of 
flow conditions. Several photographs of the experiments are presented in Appendix A. Some movies of the 
experiments are available in the form of a digital appendix (Appendix B). 
For a horizontal slope, several types of positive surges were observed: an undular (non-breaking) bore for 
surge Froude numbers Fr less than 1.3, an undular surge with some slight breaking for Froude numbers 
between 1.3 and 1.45 to 1.5, and a breaking surge with a marked roller for Froude number greater than 1.45 
to 1.5 (Table 3-1). Herein the surge Froude is defined as : 
 
o
o
dg
UV
Fr ×
+=  (3-1) 
where Vo and do are the initial flow velocity and depth, g is the gravity acceleration and U is the surge front 
celerity for an observer standing on the bank, positive upstream. The present observations are summarised in 
Table 3-1 and they are compared with previous studies. Figures 3-1 and 3-2 present several photographs of 
positive surges advancing on a horizontal invert. Figure 3-1 shows the Experiments Series 1A on a smooth 
invert and Figure 3-2 presents some experiments on rough screens (Experiments Series 1B). 
For small surge Froude numbers (Fr < 1.3), the bore propagated upstream relatively slowly and the bore 
consisted of a train of well-formed undulations : i.e., an undular surge pattern (Fig 3-1B & 3-2B). The free-
surface undulations had a smooth appearance and no wave breaking wave observed. Some small cross-waves 
were seen starting next to the sidewalls upstream of the first wave crest and intersecting next to the first 
crest. A similar cross-wave pattern was observed in stationary undular hydraulic jumps (CHANSON and 
MONTES 1995, MONTES and CHANSON 1998, BEN MEFTAH et al. 2007). The movies 
080422ChansonP1040516.MOV and 080430ChansonP1050608.MOV (App. B) show the propagation of an 
undular (non-breaking) surge on smooth and rough screen inverts respectively at x = 5 m. 
For intermediate surge Froude numbers (1.3 < Fr < 1.45 to 1.5), some wave breaking was observed at the 
bore front, and the ensuing free-surface undulations were flatter. The finding was observed for both smooth 
and rough beds, and it was consistent with the earlier observations of KOCH and CHANSON (2005,2008b). 
HORNUNG et al. (1995) reported a similar observation for a positive surge propagating in still water with 
1.6 < Fr < 1.9 (Table 3-1).  
At large surge Froude numbers (i.e. Fr > 1.45 to 1.5), a breaking bore was observed (Fig. 3-1A & 3-2A). The 
surge front propagated relatively rapidly, and the free-surface appeared to be quasi-two-dimensional. The 
movie 080428ChansonP1040575.MOV (App. B) shows the propagation of a breaking surge above the rough 
screen invert. A comparison between the movies 080430ChansonP1050608.MOV and 
080428ChansonP1040575.MOV highlights the faster propagation of the breaking bore on the same invert for 
a similar surge Froude number. 
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For the entire range of investigations on a horizontal invert, the bore celerity U ranged from 0.5 to 0.9 m/s 
with increasing celerity with increasing surge Froude number (Table 2-1, column 6). The basic flow patterns 
were identical for all the experiments on both smooth invert and rough screens. They were consistent with 
earlier findings of FAVRE (1935), BENET and CUNGE (1971), TRESKE (1994) and KOCH and 
CHANSON (2006,2008b). 
 
Table 3-1- Experimental observations of positive surge types in a horizontal rectangular channel 
 
Reference So Q do Undular 
surge 
Undular 
surge with 
breaking 
Breaking 
surge 
Remarks 
  m3/s m     
(1) (2) (3) (4) (5) (6) (7) (8) 
HORNUNG 
et al. (1995) 
0 0 -- Fr < 1.6 1.6 < Fr < 1.9 1.9 < Fr Smooth bed 
KOCH and 
CHANSON 
(2005,2008a) 
0 0.040 0.079 Fr < 1.4 to 1.5 1.5 < Fr < 1.7 1.7 < Fr Smooth PVC bed. 
B = 0.5 m. 
Present study        
Series 1A 0 0.058 0.137 Fr < 1.3 1.3 < Fr < 1.45 1.45 < Fr Smooth PVC bed. 
B = 0.5 m. 
Series 1B 0 0.058 0.142 Fr < 1.3 1.3 < Fr < 1.5 1.5 < Fr Rough screens (k = 8 mm).
B = 0.5 m. 
 
Notes: do : initial depth measured at x = 5 m; Fr : surge Froude number. 
 
Fig. 3-1 - Photographs of positive surge experiments on a smooth, horizontal invert (Experiments Series 1A) 
(A) Breaking surge, Fr = 1.50, Gate opening: h = 0.010 m (Experiment No. 080416) - Surge front passing 
the ADV located at x = 5 m (shutter speed: 1/80 s) 
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(B) Undular surge, Fr = 1.17, Gate opening: h = 0.100 m (Experiment No. 080426) - Passage of the first 
wave crest at x = 5 m - Side views with 1/3 s between each photograph (shutter speed: 1/20 s) - Bore 
propagation from left to right 
[1] [2] 
[3] [4] 
 
3.1.2 Free-surface profiles and surge front propagation 
Figure 3-3 presents the time-series of the water depth observations for an undular surge experiment. The data 
showed a gradual evolution of the positive surge shape as it propagated upstream (e.g. from x = 6 to 3 m) 
(Fig. 3-3). The results suggested a slight reduction in bore height with increasing distance from the 
downstream gate. The trend was consistent with a fully-developed bore propagating against a gradually-
varied flow with the observed M2 backwater profile (e.g. HENDERSON 1966). Note in Figure 3-3 a few 
spurious points and some missing data. The acoustic displacement meter output was a function of the 
strength of the acoustic signal reflected by the free-surface. When the free-surface was not horizontal, some 
erroneous points were recorded. These were relatively isolated and easily ignored. 
Figure 3-4 presents some time-series of the water depth at x = 5 m for both undular (non-breaking) and 
breaking bores. Figure 3-4A shows the data for a smooth invert and Figure 3-4B illustrates the data for the 
rough screen bed. The results highlight the marked differences between the undular and breaking surges 
(Fig. 3-4). The breaking surges were characterised by a sharp rise of the water surface at the surge leading 
front with some breaking (Fig. 3-1A and 3-2B). The surge front acted as a flow singularity. By contrast, the 
undular bores presented a gentle rise of the water free-surface immediately upstream of the first wave crest. 
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Downstream of the first wave crest, the free-surface profiles exhibited a quasi-periodic shape, although the 
data followed closely neither a sinusoidal nor a cnoidal profile. The result was consistent with the earlier 
observations of KOCH and CHANSON (2008b) and CHANSON (2008). 
 
Fig. 3-2 - Photographs of positive surge experiments on a rough, horizontal invert (Experiments Series 1B) 
(A) Undular/breaking surge, Fr = 1.46, Gate opening: h = 0.010 m (Experiment No. 080428) - Looking 
downstream at the surge front passing the ADV unit (shutter speed: 1/80 s) - The ultrasonic displacement 
meter in the foreground is located at x = 4 m 
 
 
(B) Undular surge, Fr = 1.20, Gate opening: h = 0.095 m (Experiment No. 080430) - Passage of the first 
wave crest at x ~ 4.5 m (shutter speed: 1/80 s) - Surge propagation from left to right 
 
 
28 
Figure 3-3 - Instantaneous water depth observations at x = 9, 6, 5 and 3 m - Experiment Series 1A, Run 
080422, Undular surge, do = 0.137 m (x = 5 m) (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this report.) 
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Fig. 3-4 - Instantaneous water depth observations at x = 5 m (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this report.) 
(A) Experiments Series 1A (smooth PVC invert) 
Time (s)
D
ep
th
 (m
)
32 33 34 35 36 37 38 39 40 41 42 43
0.1
0.12
0.14
0.16
0.18
0.2
0.22
0.24
0.26
Fr = 1.17 Run 080422
Fr = 1.50 Run 080416
 
29 
(B) Experiments Series 1B (rough screens) 
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3.1.3 Wave attenuation and effect of boundary friction on undular positive surges 
LE MEHAUTE (1976) used a wave classification based upon the ratio of wave length to water depth, with 
deep water (Lw/d), intermediate (2 < Lw/d < 20), and shallow water (Lw/h > 20) waves. The present undular 
(non-breaking) surge experiments yielded Lw/d = 6 to 8 corresponding therefore to intermediate water waves. 
BIESEL (1949) gave an analytical expression for the wave attenuation caused by fluid viscosity. This term is 
however negligible in a relatively short channel like the present study. For sinusoidal deep-water waves, 
IPPEN and KULIN (1957) developed an estimate for the wave amplitude attenuation due to boundary 
friction as 
 
1
o
xx d/d
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Δ
−××+=Δ
Δ  (3-2) 
where Δd is the attenuated positive wave height at a distance (xo-x) from the reference location xo where the 
wave height is Δdx=xo, d is the water depth and f is the Darcy-Weisbach friction factor. In the present study, 
the undular (non-breaking) bore propagation data showed some attenuation of the wave height Δd with the 
increasing distance of propagation. On the smooth bed, the wave attenuation was about 10% over 8.5 m. On 
the rough screens, the wave attenuation was nearly 70% for Fr = 1.2 (Fig. 3-5A), but it decreased drastically 
for larger surge Froude numbers as illustrated in Figure 3-5B. In Figure 3-5B, experimental data are 
presented for three surge Froude numbers for a rough bed configuration and one surge Froude number for a 
smooth bed experiment. For Fr = 1.28 and 1.37, the wave attenuation on the rough bed was negligible along 
the flume length. The results are presented in Figure 3-5 and compared with Equation (3-2). Equation (3-2) 
predicted a trend that was comparable to the data, although it underestimated the effect of rough boundary 
friction. In Figure 3-5, Equation (3-2) matched the rough screen data for Fr = 1.2 using a friction factor that 
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was twice the steady flow estimate. IPPEN and KULIN (1957) observed similarly a greater effect of 
boundary friction during their experiments with the small water depths. The reason for the discrepancy may 
be a combination of effects: (1) the free-surface undulations differ from the ideal sinusoidal wave profile, 
and (2) Equation (3-2) includes only the effect of the turbulent boundary layer, but no turbulence in the 
water body (BIESEL 1949). 
A different reasoning may derive from the application of the Saint-Venant equations. When a positive surge 
propagates against a steady flow at near equilibrium conditions, the method of characteristics yields an 
analytical solution of the Saint-Venant equations (HENDERSON 1966, CHANSON 2004b). The result 
implies that the flow resistance delays the surge formation for Vo/ odg ×  < 2, and makes the positive surge 
more dispersive. The result is consistent with the above approach and the experimental results, although 
neither Equation (3-2) nor the Saint-Venant equation considerations can explain the effect of the surge 
Froude number on the lesser undular wave attenuation at larger Froude numbers. 
 
Wave dispersion 
The wave period and wave length data were compared with the wave dispersion theory for gravity waves in 
intermediate water depths. For wave propagation in still water, the linear wave theory yields a dispersion 
relationship between the angular frequency 2×π/T and wave number 2×π/Lw : 
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where Lw is the wave length, T is the wave period and d is the initially still water depth (DINGEMANS 
1997). In presence of a current with an initial velocity V positive downstream and for a wave propagating 
upstream, the dispersion relationship becomes : 
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where T is the wave period as seen by an observed fixed on the bank (1). For the free-surface undulations of 
an undular surge propagating against a current with an initial velocity Vo, Equation (3-4) becomes : 
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where T is the wave period as seen by an observed fixed on the bank and dconj is the conjugate depth (2). 
Equation (3-5) is compared with experimental data in Figure 3-6. The data showed close results between 
smooth and rough bed experiments, as well as with Equation (3-5) (Fig. 3-6). 
However it must be stressed that Equation (3-5) is not truly applicable to an undular surge propagation. 
 
                                                     
1 The writer acknowledges the helpful comment of his colleague Dr Peter NIELSEN who alerted him of this solution. 
2 The conjugate depth represents the average water depth between two consecutive wave crests. 
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Fig. 3-5 - Attenuation of the wave height for undular surge experiments on smooth and rough bed - 
Comparison between first wave length data and the theory of IPPEN and KULIN (1957) (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this report.) 
(A) Comparison between smooth and rough bed data for Fr = 1.2 
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(B) Effect of the surge Froude number on the wave attenuation for rough bed experiments 
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Fig. 3-6 - Wave dispersion in undular surge experiments on smooth and rough bed - Comparison with the 
theoretical solution of gravity wave dispersion in intermediate waters (Eq. (3-5)) 
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3.2 Positive surge propagation against an adverse steep slope 
Considering a positive surge propagating against an adverse steep slope, the initially steady open channel 
flow was supercritical. The positive surge was formed at the downstream end by the rapid closure of the 
gate. The positive surge was usually a breaking surge next to the gate. As the surge propagated against the 
adverse slope, its shape changed progressively and the surge front speed decreased. In some cases, the surge 
remained a breaking bore. In others, the surge front transformed progressively into an undular bore. Figure 
3-7 presents two examples with several photographs taken at different locations x from the upstream channel 
end. The figure caption includes also the type of surge at each location and surge front celerity U. 
During some experiments, the surge front travelled up to the intake structure located upstream of the channel 
end (Fig. 3-7A). Figure 3-7A illustrates the progressive transformation of the surge. At x = 8 m, the roller 
was large and well-formed, while it was a smaller roller at x = 1 m. In these experiments, the data acquisition 
and sampling was stopped as soon as the surge front reached the intake structure (x < 0). 
For other experiments, the positive surge became arrested before the channel upstream end and the bore 
transformed into a stationary hydraulic jump. In some of these experiments, the shape of the surge changed 
from a breaking bore into an undular surge, before becoming a stationary undular hydraulic jump (Fig. 3-
7B). For other experiments, the surge remained a breaking surge until it became a stationary hydraulic jump 
with a roller. 
The movie 080424ChansonP1040541.MOV (App. B) illustrates the slow propagation of a decelerating surge 
about x = 5 m. For the whole duration of the video (33 s), the bore front progressed upstream by about 1.2 m. 
For that experiment, the video started 92 s after gate closure, and the bore became an arrested surge at xs = 
2.65 m about 5 to 6 minutes after gate closure. 
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Fig. 3-7 - Photographs of decelerating surge fronts against a steep slope 
(A) So = 0.00943, Q = 0.0354 m3/s, do = 0.0538m, h = 0.050 m (Experiment Series 2B, Run No. 
071029_01) 
 xs = 8 m (U = 0.18 m/s, breaking surge) xs = 5 m (U = 0.10 m/s, breaking surge) 
  
 xs = 3 m (U = 0.075 m/s, breaking surge) xs = 1 m (U = 0.05 m/s, breaking surge) 
  
 
(B) So = 0.01417, Q = 0.0358 m3/s, do = 0.0478m, h = 0.060 m (Experiment Series 2B, Run No. 
071107_01c) - Arrested surge at x = 4.15 m 
 xs = 7 m (U = 0.049 m/s, breaking surge) xs = 5.5 m (U = 0.017 m/s) 
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 xs = 4.7 m (Undular surge) xs = 4.25 m (U ≈ 0 m/s, undular surge) 
  
 
Fig. 3-8 - Locations of the surge front and surge front celerity (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this report.) 
(A) So = 0.01417, Q = 0.0358 m3/s, do = 0.0478, h = 0.055 m, arrested surge (xs = 1.22 m) (Experiment 
Series 2B, Run No. 071107_02, undular jump) 
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(B) So = 0.01417, Q = 0.0599 m3/s, h = 0.095 m, arrested surge (xs = 3.25 m) (Experiment Series 2B, Run 
No. 071112_04, undular jump) 
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The observations of the surge propagation showed consistently an initial rapid deceleration of the front until 
the surge leading edge progressed at a very slow pace (1 to 10 mm/s). Ultimately the surge became arrested 
after a long time. Figure 3-8 presents some typical time-records of the surge front location xs and of the surge 
front celerity U for two sets of experimental conditions. In both cases, the positive surge became a stationary 
undular jump. 
Figures 3-9 to 3-12 present some dimensionless graphs with the dimensionless time cd/gt ×  as a function 
of the dimensionless distance X/dc where X = xgate-xs, and of the dimensionless surge front celerity 
cdg/U ×  as a function of X/dc. Herein dc is the critical flow depth of the initially steady flow : 
 3
2
2
c
Bg
Qd ×=  (3-6) 
where Q is the steady flow rate, g is the gravity acceleration and B is the channel width. Figure 3-9 compares 
two data sets with the same bed slope So, gate opening h after closure but with different flow rate Q. Figures 
3-10 to 3-12 illustrate the effect of the gate opening h after closure on the surge propagation, for two 
experiments conducted with the same flow rate and bed slope. Figure 3-11 shows in particular a comparison 
between an experiment with an arrested surge and a non-arrested surge (3). Figure 3-12 presents another 
comparison between two arrested surge experiments. 
                                                     
3 A non-arrested surge propagated all along the channel and reached/entered into the intake structure. 
36 
Fig. 3-9 - Effect of the discharge on the dimensionless surge front position X/dc and celerity U/ g×dc for a 
non-arrested decelerating surge (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this report.) 
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Fig. 3-10 - Effect of the gate opening on the dimensionless surge front position X/dc and celerity U/ g×dc 
for a non-arrested decelerating surge (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this report.) 
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Fig. 3-11 - Dimensionless surge front position X/dc and celerity U/ g×dc for arrested and non-arrested 
decelerating surges (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this report.) 
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Fig. 3-12 - Dimensionless surge front position X/dc and celerity U/ g×dc for arrested decelerating surges 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this report.) 
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The experimental observations highlighted that the transformation from a positive surge into a stationary 
hydraulic jump was a very slow process. For example, it took about 500-700 s (8 to 12 min.) for the 
experiments shown in Figure 3-8. For the experiment shown in the movie 080424ChansonP1040541.MOV 
(App. B), the bore became an arrested surge about 300-350 s (5 to 6 min.) after gate closure. These 
observations were consistent with the anecdotal observations of CHANSON (1995) in a 0.25 m wide 20 m 
long channel. 
Importantly, qualitative and quantitative experiments emphasised the complicated transformation of a 
positive surge into an arrested surge (i.e. stationary hydraulic jump). The process took place with a time scale 
of the order of 300-600 s (5 to 10 min.). During the decelerating stage, the surge might evolve from a 
breaking bore to an undular (non-breaking) surge. The change would be very gradual and the relevant time 
scale is the minute to a few minutes. 
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4. Unsteady velocity measurements in positives surges 
4.1 Presentation 
Detailed turbulent velocity measurements were conducted for a range of flow conditions that are summarised 
in Table 4-1. Some movies of the experiments are available in the form of a digital appendix (Appendix B). 
Five complete experiments were conducted to complement the earlier experiments of KOCH and 
CHANSON (2005,2008a). These experiments were all performed with an identical initial flow rate Q = 
0.058 m3/s. Two experiments were conducted with a smooth, horizontal bed. Another two experiments took 
place on a rough screen invert, and the last experiment was performed down an inclined channel. Altogether 
both undular (non-breaking) and breaking surge experiments were generated (Table 4-1, column 6). All the 
turbulent velocity measurements were conducted at x = 5 m for several vertical elevations during each 
experiment. Note that the measurements were recorded at z/do < 0.85 for the ADV sampling volume and 
ADV receivers to remain underwater prior to and during the bore front passage. 
A key feature of the present study was the relatively high sampling frequency (200 Hz) compared to earlier 
studies: i.e., 15 Hz for HORNUNG et al. (1995), 50 Hz for KOCH and CHANSON (2005) and 200 Hz 
herein (Table 4-1, column 9). 
 
Table 4-1 - Detailed turbulence measurements beneath positive surge fronts 
 
Run do Vo U Fr Surge Bed So Sampling 
frequency
 m m/s m/s     Hz 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
KOCH and 
CHANSON (2005) 
        
Run 050519 0.0790 1.016 0.235 1.43 Undular Smooth 0 50 
Run 050530 0.0785 1.020 0.541 1.78 Breaking PVC   
Present study         
Run 080422 0.1385 0.830 0.553 1.17 Undular Smooth 0 200 
Run 080416 0.1388 0.832 0.903 1.50 Breaking PVC   
Run 080430 0.1412 0.826 0.551 1.20 Undular Rough 0 200 
Run 080428 0.1415 0.824 0.892 1.46 Undular/Breaking screens   
Run 080424 0.0701 1.641 0.034 2.02 Breaking & 
Decelerating 
Smooth 
PVC 
0.0145 200 
 
Notes: do : initial flow depth; Fr : surge Froude number; So : bed slope (So = sinθ); U : surge front celerity 
positive upstream; Vo : initial flow velocity positive downstream; all properties were recorded at x = 5 m. 
 
4.2 Surges and bores propagating on a smooth horizontal invert 
4.2.1 Presentation 
The velocity measurements showed that the positive surge passage was associated with a rapid flow 
deceleration. The longitudinal velocity component decreased rapidly when the bore front passed above the 
sampling volume (Fig. 4-1 and 4-2). After the bore passage, the longitudinal velocity was typically positive 
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at all vertical elevations. The instantaneous velocity measurements demonstrated however some major 
differences in longitudinal velocity redistribution between the undular and breaking surges. This is illustrated 
in Figures 4-1 and 4-2 for the undular and breaking surges respectively.  
The undular (non-breaking) surge was characterised by a train of secondary waves, or free-surface 
undulations, following the first wave crest. No roller was observed. When the undular bore front passed the 
ADV control volume, a relatively gentle longitudinal flow deceleration was noted at all vertical elevations 
(Fig. 4-1). The longitudinal velocity component was minimum beneath the first wave crest and it oscillated 
afterwards with the same period as the surface undulations and out of phase (Fig. 4-1). Maximum velocities 
were observed beneath the wave troughs and minimum velocities below the wave crests at all sampling 
elevations (Fig. 4-1). The vertical velocity data presented a similar oscillating pattern beneath the free-
surface undulations with the same periodicity, but out of phase. The irrotational flow theory predicts such 
rapid re-distributions of the longitudinal and vertical velocities between wave crests and troughs (ROUSE 
1938, MONTES and CHANSON 1998). The ideal fluid flow theory indicates also that the pressure field is 
not hydrostatic, with a pressure gradient larger then the hydrostatic pressure gradient ρ×g beneath the 
troughs and greater than ρ×g below the wave crest (Fig. 4-3). 
In contrast, a breaking surge exhibited a sharp front with a marked roller and some bubble entrainment. The 
data showed that the free-surface elevation rose slowly immediately prior to the roller (Fig. 4-2). This is 
illustrated in Figure 4-2A for 1228 < t×U/do < 1231. The free-surface was seen to curve upwards 
immediately prior to the roller toe. The gentle rise of the free-surface was linked with a gradual decrease of 
the longitudinal velocity component at all vertical elevations. Immediately after, the passage of the roller was 
marked by a sharp rise in free-surface elevation corresponding to a discontinuity in terms of the water depth. 
The data by HORNUNG et al. (1995) and KOCH and CHANSON (2005) showed a similar upward free-
surface curve ahead of the roller, and it is seen in the movie 080428ChansonP1040575.MOV (App. B). The 
passage of the breaking surge front corresponded to a rapid decrease of the longitudinal velocity component. 
This is seen in Figure 4-2. The flow deceleration was notably sharper than that for an undular bore at the 
same relative elevation z/do. For example, let us compare Figures 4-1A and 4-2A, and Figures 4-1B and 4-
2B for z/do = 0.15 and 0.76 respectively. The velocity data showed some distinct difference depending upon 
the vertical elevation z/do. For z/do > 0.5, the streamwise velocity Vx decreased rapidly at the surge front 
although the longitudinal velocity data tended to remain positive beneath the surge roller. But, for z/do < 0.2, 
the longitudinal velocity became negative although for a short duration highlighting a relatively rapid 
transient associated with unsteady flow separation. This flow feature was first reported by KOCH and 
CHANSON (2005,2008a) and recently investigated numerically by FURUYAMA and CHANSON (2008). 
For all types of positive surges, the data showed large fluctuations of all velocity components beneath the 
bore front and in the flow field advected upstream behind the surge front. Large time-variations of the 
longitudinal, vertical and transverse velocity components were seen during the bore passage and beneath the 
following waves ("whelps") at all vertical elevations for both undular and breaking bores (Fig. 4-1 & 4-2). 
Similar observations were reported by HORNUNG et al. (1995) and KOCH and CHANSON (2005,2008a), 
although the former study focused on the vorticity of the flow. 
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Fig. 4-1 - Dimensionless instantaneous velocity components beneath an undular bore on a smooth horizontal 
invert - do = 0.1385 m, Vo = 0.830 m/s, U = 0.553 m/s, Fr = 1.17, Run 080422 (Experiment Series 1A) (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 
report.) 
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Fig. 4-2 - Dimensionless instantaneous velocity components beneath a breaking bore on a smooth horizontal 
invert - do = 0.1388 m, Vo = 0.832 m/s, U = 0.903 m/s, Fr = 1.50, Run 080416 (Experiment Series 1A) (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 
report.) 
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Fig. 4-3 - Sketch of instantaneous streamlines beneath an undular positive surge for an ideal fluid flow 
 
 
Note that the present experiments were conducted at a relatively high sampling rate (Table 4-1, column 9). It 
was thought that the faster sampling acquisition would provide a greater level of details on the bore front 
passage compared to the earlier study of KOCH and CHANSON (2008a,b). The results did not give much 
more information on the rapid transient (e.g. Fig. 4-1 and 4.2). 
 
4.2.2 Effect of bed roughness 
The effects of bed roughness were tested for both undular (non-breaking) and breaking bores (Table 4-1). 
Typical results are presented in Figures 4-4 and 4-5. Both figures have the same vertical and left vertical 
scales, and these are identical to the scales of the graphs shown in Figures 4-1 and 4-2 to facilitate a direct 
comparison. 
The experimental observations showed that the rough invert had a significant effect on the flow field. The 
initial flow exhibited high turbulence levels (section 2.2), and the flow field during and after the surge front 
passage remained highly turbulent (Fig. 4-4 & 4-5). It must be noted that the large velocity fluctuations 
masked potential "spikes" caused by the large turbulent shear although this is a known problem in acoustic 
Doppler velocimetry (MARTIN et al. 2002, CHANSON et al. 2007,2008). 
For an undular bore, the bed roughness induced a strong attenuation of the oscillating free-surface flow 
pattern effect on the longitudinal and vertical velocity components for z/do < 0.2 (Fig. 4-4A), although it was 
still seen for z/do > 0.5 (Fig. 4-4B). As seen in Figure 4-4A, the longitudinal and vertical velocity data 
showed a lesser oscillating pattern than for an undular surge on a smooth invert (Fig. 4-1A). For example, let 
us compare the differences in low-pass filtered trend of the data shown Figures 4-1A and 4-4A obtained for 
the same surge Froude number (Fr = 1.2) at a similar vertical elevation (z/do ~ 0.16). 
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Fig. 4-4 - Dimensionless instantaneous velocity components beneath an undular bore on a rough horizontal 
invert - do = 0.1412 m, Vo = 0.826 m/s, U = 0.551 m/s, Fr = 1.20, rough screens, Run 080430 (Experiment 
Series 1B) (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this report.) 
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Fig. 4-5 - Dimensionless instantaneous velocity components beneath a breaking bore on a rough horizontal 
invert - do = 0.1415 m, Vo = 0.824 m/s, U = 0.892 m/s, Fr = 1.46, rough screens, Run 080428 (Experiment 
Series 1B) (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this report.) 
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Fig. 4-6 - Sketch of the transient recirculation beneath a breaking surge above a rough invert 
 
 
With the breaking bore, the longitudinal velocity data indicated a long transient recirculation for z/do < 0.2 
(Fig. 4-5A). Such a recirculation pattern is sketched in Figure 4-6. In the recirculation region, large negative 
longitudinal velocities were observed: Vx/Vo ~ -0.3 to -0.5 in average. The transient event lasted at least 3 
seconds. Its precise duration could not be recorded because the data collection was stopped as soon as the 
surge front reached the upstream channel end (x = 0). Although the bed roughness seemed to strengthen to 
transient recirculation beneath the breaking surge, the recirculation pattern was a flow feature specific to the 
breaking surge. No such recirculation was observed beneath the undular bore. 
 
4.3 Positive surge propagating against an adverse steep slope 
The velocity measurements in a positive surge advancing against an adverse sloping surge were conducted 
for z/do < 0.7 only. The initial steady flow was supercritical and the ADV head could not be placed at higher 
sampling locations without interfering with the free-surface. Typical measurements at x = 5 m are presented 
in Figure 4-7. As in Figures 4-1, 4-2, 4-4 and 4-5, the horizontal axis is the dimensionless time t×U/do where 
U is the surge front celerity for an observer standing on the side. For the experiment shown in Figure 4-7, the 
surge decelerated as it progressed upstream against the adverse bed slope and the arrested surge became a 
stationary hydraulic jump at x = 2.65 m about 330 s (6.5 minutes) after the gate closure. In Figure 4-7, the 
data sets span for about 40 s, corresponding to between 75 s and 115 s after the gate closure. At t×U/do = 70 
(i.e. 115 s after gate closure), the surge front was located at xs = 4.3 m. 
The experimental observations demonstrated that the surge front propagation was a slow turbulent process. 
At x = 5 m, the surge front celerity was 27 times slower than that of the experiment shown in Figure 4-2. 
(See also the movie 080424ChansonP1040541.MOV, App. B.) As a result, the velocity data exhibited a 
gentle deceleration when the bore passed the sampling location. Interestingly the longitudinal velocity 
component remained positive at all times and at all vertical elevations, and no transient recirculation was 
observed (Fig. 4-7). This result was in sharp contrast with the breaking surge experiments on a horizontal 
channel (Fig. 4-2A & 4-5A). 
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Fig. 4-7 - Dimensionless instantaneous velocity components beneath a positive surge advancing against a 
steep slope - do = 0.0701 m, Vo = 1.641 m/s, U = 0.034 m/s, Fr = 2.02, smooth PVC invert, Run 080424 
(Experiment Series 2A) (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this report.) 
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In the upper flow region (z/do > 0.3), the Vx data showed some long-period oscillations with a period of 
about 2 s. These are seen in Figure 4-7B for 54 < t×U/do < 60 with an oscillating low-pass filtered data trend. 
It is believed that these oscillations were caused by the growth, advection, and pairing of large-scale vortices 
in the developing shear layer of the surge roller, as also observed in stationary hydraulic jumps. The 
pulsation frequency F of the longitudinal velocity gave a Strouhal number F×do/Vo = 0.021 that was close to 
classical hydraulic jump data (LONG et al. 1991, MURZYN and CHANSON 2007, CHANSON and 
GUALTIERI 2008). 
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5. Turbulent stresses beneath positive surges and bores 
5.1 Presentation 
In a turbulent flow, the flux of x-momentum in the y-direction induces an additional shear stress in the x-
direction acting on the surface element normal to the y-direction. This additional stress is called the 
Reynolds stress or turbulent stress denoted ρ×vx×vy. More generally the Reynolds stress ρ×vi×vj where i, j = 
x, y, z characterises the additional shear stress on the face dxi×dxj of an elementary control volume with xi, xj 
= x, y, z. The Reynolds stresses characterise a transport effect resulting from turbulent motion induced by 
velocity fluctuations with its subsequent increase of momentum exchange and of mixing (PIQUET 1999). 
Turbulent transport is a property of the flow itself and the Reynolds stress tensor includes six components: 
the normal stresses (ρ×vi×vi) and the tangential stresses (ρ×vi×vj) with i≠ j. 
Herein the instantaneous turbulent stresses were calculated using a VITA technique (section 2.5). Typical 
results are presented and discussed in section 5.2. Further results are shown in Appendix C in terms of the 
six Reynolds stresses. 
 
5.2 Basic results 
The unsteady turbulence data demonstrated a marked effect of the bore passage. Longitudinal velocities were 
characterised by a rapid flow deceleration at all vertical elevations, while large fluctuations of transverse and 
vertical velocities were recorded beneath the front (Fig. 4-1 and 4-2). The unsteady flow field was in turn 
associated with large fluctuations in Reynolds stresses (Fig. 5-1 and 5-2). Figures 5-1 and 5-2 present some 
unsteady Reynolds stress data beneath a tidal bore propagating in a smooth channel. Figure 5-1 corresponds 
to an undular bore and Figure 5-2 to a breaking bore. In each figure, the graph presents the time-variation of 
the dimensionless Reynolds stresses vx2/Vo2 and vx×vz/Vo2, and water depth d/do, where v is the turbulent 
velocity, the subscripts x and z refer respectively to the longitudinal and vertical velocity components, do is 
the initial water depth, Vo is the initial flow velocity, t is the time, U is the surge front celerity and z is the 
vertical elevation. Table 5-1 summarises further the observed range of Reynolds stress fluctuations beneath 
undular and breaking bores. 
The experimental measurements indicated systematically a few basic flow features. The data showed large, 
fluctuating turbulent stresses below the bore front and in the flow behind the surge front. The finding was 
observed for both undular and breaking surges. The Reynolds stress levels were significantly larger than 
before the surge passage, and substantial normal and tangential stresses were observed. Further, in an 
undular surge, large Reynolds stresses were measured beneath the first wave as well as beneath the following 
undulations. In the present study, the sampling was stopped when the surge front reached the intake structure 
at the channel upstream end, and this limited the flow measurements to 4 to 5 undulations. However field 
observations demonstrated the long lasting sediment mixing in the "whelps" behind undular tidal bores 
(CHANSON 2001,2005, KOCH and CHANSON 2006). Hence it is believed that the large shear stress 
fluctuations beneath the bore undulations could last a relatively long time and contribute to significant bed 
scour in tidal bore affected estuaries as sketched in Figure 5-3 and discussed in Section 6.1. 
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Fig. 5-1 - Dimensionless instantaneous turbulent stresses vx2/Vo2 and vx×vz/Vo2 beneath an undular bore on a 
smooth horizontal invert - do = 0.1385 m, Vo = 0.830 m/s, U = 0.553 m/s, Fr = 1.17, So = 0, Run 080422 
(Experiment Series 1A) (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this report.) 
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With the breaking surge, large shear stresses and Reynolds stress fluctuations were observed during the roller 
passage and shortly after, especially for z/do > 0.5. It is believed that the large turbulent stresses were caused 
by the proximity of the developing mixing layer of the roller (see sketch in Figure 4-6). In stationary 
hydraulic jumps and related flows, researchers observed similarly large Reynolds stresses in and next to the 
developing shear layer as shown in Figure 5-4. Figure 5-4 presents the vertical distributions of dimensionless 
normal stresses in a stationary, weak hydraulic jump. The data showed a marked increase in normal 
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Reynolds stresses for z/do > 0.5 to 0.6 (Fig. 5-4). 
A comparison between undular and breaking surges showed that (a) the magnitude of the turbulent stresses 
was comparable for both undular (non-breaking) and breaking bores, and (b) the large fluctuations in 
Reynolds stresses lasted for a significantly longer period beneath the undular bore. 
 
Fig. 5-2 - Dimensionless instantaneous turbulent stresses vx2/Vo2 and vx×vz/Vo2 beneath a breaking bore on a 
smooth horizontal invert - do = 0.1388 m, Vo = 0.832 m/s, U = 0.903 m/s, Fr = 1.50, So = 0, Run 080416 
(Experiment Series 1A) (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this report.) 
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Fig. 5-3 - Sketch of bed scour and sediment erosion beneath the successive undulations of a non-breaking 
bore 
 
 
Fig. 5-4 - Dimensionless time-averaged normal stresses in a weak hydraulic jump - Fr = 2.0, do = 0.071 m, x 
= 0.13 m, 0.23 m and 0.33 m downstream of the jump toe, Data: LIU (2004) (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this report.) 
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5.3 Effect of bed roughness on the turbulent stresses 
On the rough invert, the instantaneous velocity data demonstrated some marked differences (section 4.2.2). 
In turn, the bed roughness impacted on the turbulent stress tensor. Larger Reynolds stresses were observed at 
all vertical elevations for both undular and breaking surges on the rough screens than those observed on 
smooth invert. 
A number of similar features were observed on both smooth and rough inverts. That is, the passage of the 
bore front was associated with significant fluctuations of the Reynolds stresses. The duration of these 
turbulence "patches" seemed greater beneath an undular bore, while these were more focused and shorter 
53 
beneath a breaking bore. This is seen in Figures 5-5 and 5-6 where dimensionless time-variations of 
turbulent stresses are shown for positive surges propagating over rough screens. 
In the undular surge, the bed roughness seemed to have a marked effect on the lower flow region (z/do < 0.2 
to 0.3). For example, the high turbulence levels seemed to mask the effects of the free-surface undulations 
and the normal stresses vx2 did not exhibit an undular pattern (with the same period and out of phase with the 
free-surface profile as seen in Fig. 4-1). For z/do < 0.2 to 0.3, the vx2 data were quasi-similar to those 
observed prior to the bore. 
In the breaking surge, large normal and tangential Reynolds stresses were observed for z/do < 0.2. The 
finding was consistent with the relatively long recirculation transient evidenced in Figure 4-5A and sketched 
in Figure 4-6. Indeed the existence of recirculation implied some flow separation associated with large shear 
stresses. 
 
Table 5-1 - Experimental observations : range of Reynolds stress fluctuations (Present study) 
 
Run Slope Invert Fr Surge 
type 
z/do vx2/Vo2 vy2/Vo2 vz2/Vo2 vxvz/Vo
2 
vxvy/Vo
2 
vyvz/Vo2
(1) (2) (3)  (5) (6) (7) (8) (9) (10) (11) (12) 
080422 0 Smooth 1,17 Undular 0.15 0-0.04 0-0.015 0-0.05 ±0.02 ±0.01 ±0.015
  PVC   0.76 0-0.025 0-0.01 0-0.06 ±0.02 ±0.008 ±0.01 
080416 0 Smooth 1.50 Breaking 0.15 0-0.04 0-0.015 0-0.06 ±0.02 ±0.015 ±0.015
  PVC   0.76 0-0.07 0-0.015 0-0.1 ±0.03 ±0.012 ±0.015
080430 0 Rough 1.20 Undular 0.18 0-0.15 0-0.08 0-0.15 ±0.08 ±0.1 ±0.04 
  screens   0.80 0-0.12 0-0.05 0-0.19 ±0.06 ±0.04 ±0.03 
080428 0 Rough 1.46 Undular/ 0.18 0-0.15 0-0.04 0-0.2 ±0.06 ±0.03 ±0.04 
  screens  Breaking 0.80 0-0.06 0-0.02 0-0.1 ±0.04 ±0.01 ±0.015
080424 0.0145 Smooth 2.02 Breaking 0.15 0-0.08 0-0.03 0-0.15 ±0.04 ±0.03 ±0.035
  PVC   0.65 0-0.07 0-0.03 0-0.2 ±0.04 ±0.025 ±0.025
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Fig. 5-5 - Dimensionless instantaneous turbulent stresses vy2/Vo2 and vx×vy/Vo2 beneath an undular bore on a 
rough screen invert - do = 0.1412 m, Vo = 0.826 m/s, U = 0.551 m/s, Fr = 1.20, So = 0, Run 080430 
(Experiment Series 1B) (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this report.) 
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Fig. 5-6 - Dimensionless instantaneous turbulent stresses beneath a breaking bore on a rough screen invert - 
do = 0.1415 m, Vo = 0.824 m/s, U = 0.892 m/s, Fr = 1.46, So = 0, z/do = 0.179, Run 080428 (Experiment 
Series 1B) (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this report.) 
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(B) vz2/Vo2 and vy×vz/Vo2 
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5.4 Turbulent stresses beneath a decelerating positive surge 
In a decelerating surge, the flow field changed progressively from a positive surge into a stationary hydraulic 
jump, until the arrested surge became a stationary jump. The phenomenon was a slow process. The turbulent 
stress data (Fig. 5-7) highlighted some large stress levels and fluctuations when the ADV sampling volume 
was in the "wake" of the roller mixing layer : that is, relatively shortly after the surge roller passage. For 
longer times, the levels of shear stresses and shear stress fluctuations tended to decrease slightly. 
The shear stress data presented some marked differences with those of a breaking surge on a horizontal 
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channel. For example, compare Figures 5-2 and 5-7. A detailed comparison showed that the properties of a 
decelerating surge differed substantially from those of a fully-developed bore advancing on a horizontal 
channel. 
Figure 5-8 presents the vertical distributions of time-averaged turbulent stresses. These were calculated for 
the first 2,000 samples beneath the breaking surge roller and corresponded to a 10 s record. The results are 
compared with the stationary hydraulic jump data of LIU (2004). Both experiments were performed with 
similar flow conditions: a breaking surge and a weak hydraulic jump with roller with similar Froude number 
and inflow depth. The comparison suggested higher turbulence levels in the decelerating surge, especially in 
the lower flow region (z/do < 0.4 to 0.5) (Fig. 5-8). 
 
Fig. 5-7 - Dimensionless instantaneous turbulent stresses vy2/Vo2 and vx×vy/Vo2 beneath a decelerating bore 
on a smooth PVC invert - do = 0.0701 m, Vo = 1.641 m/s, U = 0.034 m/s, Fr = 2.02, So = 0.0145, Run 
080424 (Experiment Series 2A) (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this report.) 
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Fig. 5-8 - Dimensionless time-averaged normal stresses in decelerating surge - Fr = 2.02, do = 0.0701 m, x = 
5 m, So = 0.0145, Smooth PCV invert, Run 080424 (Experiments Series 2A) - Data calculated over the first 
2,000 samples beneath the surge roller. Comparison with stationary hydraulic jump data: Fr = 2.0, do = 0.071 
m, So = 0, 0.13 m, 0.23 m and 0.33 m downstream of the jump toe, Data: LIU (2004) (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this report.) 
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6. Discussion 
6.1 Impact of tidal bores on mixing and sediment processes 
The effects of tidal bores on sediment processes were studied in Alaska, China and France in particular. That 
included the works of CHEN et al. (1990) in the Hangzhou Bay and Qiantang River estuary, of TESSIER 
and TERWINDT (1994) in the Baie du Mont-Saint-Michel, and of GREB and ARCHER (2007) in Alaska. 
Further anecdotic evidences encompassed KJERFVE and FERREIRA (1993) in the Rio Mearim (Brazil), 
and CHANSON (2001) in the Dordogne River (France). Altogether past studies demonstrated that the arrival 
of the bore front was associated with intense bed material mixing and with upstream advection of suspended 
material behind the bore front. The present study supported the existence of intense turbulent mixing beneath 
the bore front, and recent field observations confirmed the intense sediment mixing during the bore passage 
(Fig. 6-1). 
The importance of undular tidal bores was recently argued (CHANSON 2005, KOCH and CHANSON 
2006,2008b). The sediment suspension behind the undular bore front is sustained by strong wave motion of 
the whelps for relatively long periods after the bore passage, facilitating the upstream advection of the solid 
matter within the flood flow behind the bore. 
 
Fig. 6-1 - Photographs of sediment mixing in tidal bores in the Dordogne River, France (For interpretation of 
the captions to colour in this figure legend, the reader is referred to the web version of this report.) 
(A) Sediment convection during the breaking of the third wave of an undular tidal bore at Saint Pardon on 21 
July 2008 - Shutter speed 1/500 s, 0.5 s between each photograph 
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(B) Muddy breaking of whelps about 20 s after the undular tidal bore passage at Saint Pardon on 21 July 
2008 - Shutter speed 1/500 s 
 
 
(C) Suspended sediment plume next to the left bank at Saint Pardon about 82 s after the passage of a very-
gentle undular bore on 18 July 2008 - The plume was advected upstream 
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Fig. 6-2 - Photographs of sediment mixing in tidal bores in the Garonne River, France (For interpretation of 
the captions to colour in this figure legend, the reader is referred to the web version of this report.) 
(A) Sediment scour by the advancing bore front on the left bank at Podensac on 20 July 2008 
 
 
(B) Sediment scour by the advancing bore front on the left bank at Podensac on 19 July 2008 (Shutter speed: 
1/800 s) 
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(C) Suspended sediment plume next to the left bank at Podensac after the passage of a very-weak undular 
bore on 18 July 2008 - The plume was advected upstream 
 
 
Fig. 6-3 - Photographs of sediment scour and bank undercutting by the tidal bore of the Sélune River, France 
on 2 August 2008 (For interpretation of the captions to colour in this figure legend, the reader is referred to 
the web version of this report.) 
(A) Photograph of the incoming bore, viewed from the left bank 
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(B) Details of the bank undercutting (this photograph was taken a few seconds before Figure 6-3A) 
 
 
Figures 6-1 and 6-2 show some photographic evidences of sediment mixing in the tidal bores of the 
Dordogne and Garonne Rivers (France) in 2008. In each case, the tidal bore process was fairly weak and the 
undular bore front was between 0.3 to 0.8 m high. The photographs demonstrate the strong mixing of 
sediments during the passage of and behind a tidal bore, including with a very gentle, small surge. Figure 6-
1A presents a cloud of sediment convected upwards just before wave breaking on a jetty seen in the 
foreground. Figures 6-2A and 6-2B illustrate the suspended sediment loads next to the river bank. Figures 6-
1C and 6-2C highlight the upstream advection of sediment clouds and "plumes" behind the bore front. Figure 
6-3 illustrates some bank undercutting by a small tidal bore in the Sélune river. 
In the Sélune River, the writer observed the formation of a new main channel by the tidal bore on 31 Aug. 
2008. The tidal bore cut a channel meander between Pointe du Grouin du Sud and Roche Torin, and the new 
incision became the main channel by the next morning. The event was followed by intense bed form motion 
processes and standing waves during the early flood tide flow at Roche Torin on both 31 Aug. and 1 Sept 
2008. 
Further evidences of turbulent mixing were documented (Table 6-1). In the Bay of Fundy, RULIFSON and 
TULL (1999) and MORRIS et al. (2003) studied the longitudinal dispersion of striped bass (Morone 
saxatilis) fish eggs in the tidal bore affected rivers of the Bay of Fundy (Canada). MORRIS et al. (2003) 
suggested that juvenile striped bass follow the tidal bore front during tidal exchanges and reside in mid-reach 
freshwater area. Nursery grounds are farther upstream in freshwater habitats and the longitudinal dispersion 
of the eggs reduce the efficiency of the predators. DAVIES (1988) and KJERFVE and FERREIRA (1993) 
presented quantitative measurements of salinity and temperature in the Mersey River (UK) and Rio Mearim 
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(Brazil) respectively. Both studies recorded sharp jumps in salinity and temperature several minutes after the 
bore passage depending upon the sampling site location. In the Daly River (Aus.), WOLANSKI et al. (2004) 
recorded a period of very strong turbulence about 20 minutes after the bore passage and lasting for about 3 
minutes. During this turbulent event, a tripod holding instruments was toppled down. 
One cannot dismiss the repeated field work accidents. These encompassed studies in Rio Mearim (KJERFVE 
and FERREIRA 1993), in the Daly River (WOLANSKI et al. 2004), and in the Dee River (SIMPSON et al. 
2004). The damage to scientific equipments was consistent with major damage to river banks and tidal bore 
induced navigation hazards. For example, more than 220 ships were lost in the Seine River mascaret (tidal 
bore) between 1789 and 1840 in the Quilleboeuf-Villequier section (MALANDAIN 1988). In China, 
Captain MOORE lost almost his survey ship and two steam cutters when he inadvertently anchored in the 
Qiantang River estuary in 1888 (MOORE 1888, DARWIN 1897). In modern times, the Qiantang River 
banks have been overtopped by the tidal bore while dozens of drownings in the bore flow are reported each 
year. Other tragic evidences of drownings in tidal bores and "whelps" include human losses in the Colorado 
River (Mexico), Bamu and Fly Rivers (PNG), and Seine River (France). 
 
Table 6-1 - Field measurements of turbulent velocities in tidal bores in estuaries 
 
Ref. Location Initial flow 
conditions 
Bore 
characteristics 
Instrumentation Remarks 
(1) (2) (3) (4) (5) (6) 
HUNTLEY 
(2003, Pers. 
Comm.) 
Dee River (UK) 
at Saltney Ferry 
on 17 March 
1972 around 
23:42 
Vo = +0.06 m/s Undular bore Two-dimensional 
electro-magnetic 
current meter 
See KOCH and 
CHANSON (2005). 
LEWIS (1972) Dee River (UK) 
at Saltney Ferry 
on 17 March 
1972, 23:40  
do ~ 1.4 m Undular bore Savonius type 
current meter 
(Hydro-Products 
type 451) located 
0.3 m below the 
initial free-surface 
Coarse data record. 60 
m downstream of 
Saltney Ferry 
footbridge. Field studies 
on 13-21 March and 11-
18 April 1972. 
KJERFVE and 
FERREIRA 
(1993) 
Rio Mearim 
(Brazil), between 
Ponta Verde and 
Arari 
 Undular/breaking 
bore, U = 1.5 to 2 
m/s, Δdfront = 1 m, 
Vconj ~ -2 to -3.5 
m/s 
Interocan S4 
electro-magnetic 
current meter (1 & 
2 Hz) 
3 sites. Instruments 
mounted 0.7 m above 
bottom. 
 Site C Vo = +0.4 m/s Vconj = -1.9 m/s  Downstream of 
confluence with Rio 
Pindaré. 
SIMPSON et al. 
(2004) 
Dee River (UK) 
at Saltney on 6 
Sept. 2002 
Vo = 0 to +0.1 
m/s, do ~ 1.5 m
Breaking bore 
Vconj ~ -1 m/s 
ADCP (bottom 
mounted, bin size: 
0.3 m, 10 Hz) 
 
WOLANSKI et 
al. (2004) 
Daly River (Aus.) 
2 July 2003 
Vo = +0.07 to 
0.2  m/s, 
do ~ 1.5 m 
Undular bore 
U = 4.5 m/s, Δdfront
= 0.4 m, 
Undulation period: 
12 s 
Electro-magnetic 
S4 current meter 
(2 Hz) 
Site C. 
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Notes : do : initial water depth; dconj : average water depth behind the bore front; Δdfront : water depth 
discontinuity at bore front (Δdfront = dconj - do). 
 
6.2 Impact of tidal bores on eco-systems 
Tidal bore affected estuaries are the natural habitat, the feeding zone and breeding grounds of several forms 
of wildlife. The evidences regroup both scientific and anecdotic observations (Fig. 6-4). 
In Brazil, the pororoca sets organic matters into suspension and the estuarine zone is the feeding grounds of 
piranhas. In Alaska and in France, several birds of prey are fishing behind the tidal bore front and next to the 
banks : e.g., bald eagles in Alaska and buzzards in France (Fig. 6-4A & 6-4B). Figure 6-4A and 6-4B show 
buzzards circling above the tidal bore front of the Dordogne and Garonne Rivers. Visual observations in 
Alaska and France showed a number of fish being ejected above the bore roller by the flow turbulence. In 
Alaska, the eagles are catching fish jumping off and projected upwards above the tidal bore roller. 
Some predators feed immediately behind the tidal bore during its upstream progression. These include 
beluga whales in Alaska (Turnagain inlet), sharks in Queensland (Styx River and Broadsound) and 
crocodiles in Australia (Fig. 6-4C). Figure 6-4C illustrates a crocodile swimming behind the tidal bore of the 
Daly River, passing in front of the sampling location (WOLANSKI et al. 2004). These predators take 
advantages of the smaller fish that lost their directional awareness in the bore turbulence. In the Dordogne 
River (France), fishermen profit of the tidal bore to fish lamproie (Pelromyzon) shortly before and 
immediately after the bore passage. 
 
Fig. 6-4 - Photographs of interactions between tidal bores and eco-systems (For interpretation of the captions 
to colour in this figure legend, the reader is referred to the web version of this report.) 
(A, Left) Buteo (top right) overflying the Dordogne River tidal bore on 23 July 2008 - Note the two surfers 
riding the first bore undulation on the bottom left 
(B, Right) Buzzards (Buteos) overflying the Garonne River channel at Arsins on 19 July 2008 two minutes 
before the tidal flow reversal - Over 18 birds were circling above the river channel at the time 
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(C) Saltwater crocodile following the tidal bore of the Daly River, Australia in September 2002 (Courtesy of 
Dr Eric WOLANSKI) - The location was about 30 km upstream of the river mouth 
 
 
(D) Sheep ("Moutons de Prés salés") in the Baie du Mont Saint Michel at Roche-Torin on 7 March 2004 
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(E, right) Swans surfing the Garonne River tidal bore near Cadillac in 2006 (Courtesy of Antony COLAS) 
(F, Left) Pair of swans taking off in front of the Dordogne River undular tidal bore on 22 July 2008 
  
 
The noise of the advancing tidal bore does affect the animals. At Turnagain, Alaska, a moose tried 
unsuccessfully to outrun the bore: he was caught and drowned (MOLCHAN and DOUTHIT (998). In the 
Baie du Mont Saint Michel, sheep (Moutons de Prés salés) have been outrun and drowned by the tidal bore 
(Fig. 6-4D). In each case, the animals were panicked by the deafening noise of the bores and lost their 
directional senses. 
The tidal bore estuarine zones are the breeding grounds of several fish species. These include sturgeons and 
elvers in the Severn River (UK), and striped bass in the Bay of Fundy (Canada). Some animals were also 
seen playing with the tidal bores (Fig. 6-4E and 6-4F). In the Dordogne, Garonne and Severn Rivers, swans 
were observed surfing the bore front. Figure 6-4E shows a swan (on the far right of the photograph) surfing 
the surge front next to a surfer. Figure 6-4F illustrates two swans which were riding the Dordogne River bore 
before taking off and flying low ahead of the incoming undular surge seen behind. 
The occurrence of tidal bores has a significant impact on the estuarine eco-systems. Bed erosion and scour 
take place beneath the bore front while suspended matters are carried upwards in the ensuing wave motion. 
The process contributes to significant sediment transport with deposition in upstream intertidal areas 
(DONNELLY and CHANSON 2005). The existence of a tidal bore is based upon a fragile hydrodynamic 
balance which may be easily disturbed by changes in boundary conditions and freshwater inflow. Man-made 
interventions led to the disappearance of several bores with often adverse impacts onto the eco-system : e.g., 
the mascaret of the Seine River (France) no longer exists and the Colorado River bore (Mexico) is drastically 
smaller after dredging. Although the fluvial traffic gained in safety in each case, the ecology of estuarine 
zones were adversely affected. The tidal bores of the Colorado (Mexico), Couesnon (France) and Petitcodiac 
(Canada) Rivers almost disappeared after construction of upstream barrage(s). At Petitcodiac, this yielded 
the elimination of several diadromous fish species, including the American shad, Atlantic salmon, Atlantic 
tomcod, striped bass and sturgeon (LOCKE et al. 2003). 
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Natural events may also affect a tidal bore process (CHANSON 2005). During the 1964 Alaska earthquake 
(magnitude 8.5), the inlet floor at Turnagain and Knik Arms subsided by 2.4 m, and smaller bores have been 
observed since. During a major flood of the Ord River, Australia in 2001, the flood waters scoured the 
estuary bed and the bore disappeared completely since. Some natural events may strengthen tidal bores. At 
Tumagain and Knik Arm inlets, strong and winds opposing the flood tide may strengthen the bore. In 
Bangladesh, tidal bores were experienced during storm surges when the strong winds developed as the tide 
turned to rising, causing an increase in the tidal range. 
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7. Conclusion 
A positive surge results from a sudden change in flow that increases the depth : e.g., a partial or complete 
closure of a gate at the downstream end of a channel. One form of positive surge is the tidal bore observed in 
estuaries when the tidal flow turns to rising (Fig. 7-1). Limited quantitative information is available presently 
on the turbulence induced by a positive surge because the turbulent flow field was not studied with a fine 
instrumentation under well-defined flow conditions, but for a couple of studies (HORNUNG et al. 1995, 
KOCH and CHANSON 208a,b). Herein new experimental investigations were conducted in a large 
rectangular channel (12 m long, 0.5 m wide). Detailed velocity measurements were performed with a high 
temporal and spatial resolution (200 Hz Hz, sampling volume: 6×6×1.5 mm3) while the free-surface 
elevations were recorded using non-intrusive acoustic displacement meters. The experiments were designed 
to study a range of positive surges with a minimum number of dependant variables. Using one initial flow 
rate, the range of experimental conditions encompassed undular and breaking bores in a horizontal slope 
with both smooth and rough invert conditions. A further series of experiments was conducted with a 
decelerating surge progressing against an adverse steep slope (Table 7-1). The experiments are illustrated by 
a series of five movies available in the form of a digital appendix (App. B) at the University of Queensland 
institutional open access repository UQeSpace {http://espace.library.uq.edu.au/}. 
In a horizontal channel, an undular (non-breaking) bore was observed for surge Froude number Fr less than 
1.5. The wave front consisted of a wave followed by a train of well-defined free-surface undulations called 
"whelps" in estuaries. For Fr < 1.3, the undulations free-surface was smooth. For 1.3 < Fr < 1.45 to 1.5, some 
breaking was seen at the first wave crest. For surge Froude numbers greater than 1.5, a breaking bore was 
observed with a marked roller, although some surface upward curvature ahead of the roller was observed 
with the range of investigations. Detailed instantaneous velocity measurements showed a marked effect of 
the surge front passage. The streamwise velocities were characterised by a rapid flow deceleration at all 
vertical elevations, and large fluctuations of all velocity components were recorded beneath the surge and 
whelps. The turbulent Reynolds stresses were deduced from high-pass filtered data using the technique of 
KOCH and CHANSON (2005). The results highlighted large normal and tangential stresses beneath the 
surge front. 
A comparison between undular and breaking surge data suggested some basic difference. In a breaking 
surge, large turbulent stresses were observed next to the shear zone in a region of high velocity gradients. 
Next to the bed, however, some transient flow recirculation was recorded. In an undular bore, large velocity 
fluctuations and Reynolds stresses were recorded beneath the first wave crest and the secondary waves (free-
surface undulations), implying a long-lasting effects after the bore front passage. While the present study 
allowed a detailed comparison between the effects of undular and breaking bores, it was limited to one set of 
initial flow conditions and two surge Froude numbers. Further works should encompass a wider range of 
initial flow conditions. 
A systematic comparison was conducted with undular and breaking surges to study the effects of bed 
roughness. The boundary friction contributed to some wave attenuation and dispersion, and the free-surface 
data showed some agreement with the wave dispersion theory for intermediate gravity waves (section 3.1.3). 
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The instantaneous velocity data indicated a marked effect of the rough screens on the turbulent velocity field. 
Large turbulent velocity fluctuations were observed. In an undular bore, the time-variations of the 
longitudinal velocity exhibited a lesser oscillating pattern than on a smooth bed especially close to the bed 
(z/do < 0.2). In a breaking surge, a relatively longer transient recirculation was observed next to the invert. 
In a decelerating surge, the turbulent velocity field presented flow properties that were closer to those of a 
stationary hydraulic jump than of a fully-developed bore. Yet there were subtle differences between 
decelerating surges and steady hydraulic jumps. 
The turbulent stress data demonstrated intense turbulent mixing beneath the bore front and in the ensuing 
flow including beneath the secondary waves and whelps. The experimental findings were consistent with 
field observations and anecdotal evidences. These showed in particular the significant impact of small tidal 
bores and of non-breaking undular surges. Positive surges and tidal bores do have indeed some significant 
effect on natural channels and their eco-systems. 
Overall the experimental findings were consistent with field observations and anecdotal evidences. These 
showed in particular the significant impact of small tidal bores and of non-breaking undular surges. Positive 
surges and tidal bores do have indeed some significant effect on natural channels and their eco-systems. The 
present results demonstrate that a tidal bore remains a challenging research topic to theoreticians. In a 
breaking tidal bore, the transient recirculation observed next to the bed remained unexplained. Another 
challenge is the transformation from a decelerating bore into a stationary hydraulic jump. Although the 
process is relatively slow, the turbulent flow field is neither that of a fully-developed tidal bore nor that of a 
hydraulic jump. In the field, tidal bores in natural systems propagate over a movable bed. A basic 
understanding of bed erosion and sediment advection at the microscopic scales is lacking. 
 
Table 7-1 - Detailed turbulence measurements beneath positive surge and bore fronts 
 
Experiment do Vo U Fr Surge Bed So Sampling 
frequency
 m m/s m/s     Hz 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
Run 080422 0.1385 0.830 0.553 1.17 Undular Smooth 0 200 
Run 080416 0.1388 0.832 0.903 1.50 Breaking PVC   
Run 080430 0.1412 0.826 0.551 1.20 Undular Rough 0 200 
Run 080428 0.1415 0.824 0.892 1.46 Undular/Breaking screens   
Run 080424 0.0701 1.641 0.034 2.02 Breaking & 
Decelerating 
Smooth 
PVC 
0.0145 200 
 
Notes: do : initial flow depth; Fr : surge Froude number; So : bed slope (So = sinθ); U : surge front celerity 
positive upstream; Vo : initial flow velocity positive downstream; all properties were recorded at x = 5 m. 
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Fig. 7-1 - Tidal bore (mascaret) of the Dordogne River at Saint Pardon, France on 23 July 2008, viewed 
from the left bank 
(A) Looking downstream at incoming tidal bore front (Shutter speed: 1/1,000 s) 
 
 
(B) Second wave of the undular bore impacting the jetty at Port de Saint Pardon (Shutter speed: 1/1,000 s) 
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Appendix A - Photographs of the experiments 
A.1 Photographs of the channel and experimental setup 
Table A-1- Experimental flow conditions 
 
Reference So Q do Gate 
opening h
Surge type at 
x = 5 m 
U Fr Remarks 
  m3/s m m  m/s   
(1)  (2) (3) (4) (5) (6) (7) (8) 
Present study         
Series 1A 0 0.058 0.137 0.010 to 
0.110 
Undular to 
breaking 
0.56 to 
0.90 
1.17 to 
1.49 
Smooth PVC bed. 
L = 12 m, B = 0.5 m. 
Series 1B 0 0.058 0.142 (*) 0.010 to 
0.105 
Undular to 
breaking 
0.50 to 
0.89 
1.13 to 
1.47 
Rough screens (k = 8 mm).
L = 12 m, B = 0.5 m. 
Series 2A 0.0145 0.058 0.070 0.091 Decelerating & 
breaking 
0.03 2.02 Smooth PVC bed. 
L = 12 m, B = 0.5 m. 
Series 2B 0.009 to 
0.027 
0.035 to 
0.06 
0.040 to 
0.072 
0.015 to 
0.100 
Decelerating: 
undular to 
breaking 
0.002 to 
0.22 
1.71 to 
2.83 
Smooth PVC bed. 
L = 12 m, B = 0.5 m. 
 
Notes: do : initial depth measured at x = 5 m; Fr : surge Froude number; h : gate opening after gate closure; 
Q: initial steady flow rate; U: surge front celerity measured at x = 5 m; (*) measured above the screens. 
 
Fig. A-1 - General view of the experimental channel looking downstream (Experiment Series 1A) - Note the 
slight free-surface undulations in the foreground - The first acoustic displacement meter Mic+25 sensor (in 
the foreground) is located at x = 2 m 
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Fig. A-2 - Photograph of the downstream tainter gate 
(A) Gate closure (Experiment Series 1B) - Note the Mic+35 sensor in front of the tainter gate 
 
 
(B) Side view of the fully-opened gate - Flow from right to left (Q = 0.040 m3/s) 
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Fig. A-3 - General view of the ADV unit and its traverse mechanisms, the displacement meter Mic+25 
located above the ADV sampling volume and the pointer gauge (Experiment Series 1A) 
 
 
Fig. A-4 - Details of the ADV system 
(A) ADV system and displacement meter Mic+25 (Experiment Series 1A) - Sampling volume located at x = 
5 m and z = 105.8 mm 
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(B) Three-dimensional side-looking head above the rough screens with z = 0.0138 m (Experiment Series 1B) 
- Flow from right to left - The red band refers to the positive Vx direction of the ADV system output 
 
 
Fig. A-5 - Rough screens on the channel invert (Experiment Series 1B) - View from x = 2 m looking 
downstream - The rough screens are arranged on the PVC invert from x = 2.5 m (foreground) 
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A.2 Photographs of experiments on a smooth, horizontal bed (Experiments Series 1A) 
Fig. A-6 - Fr = 1.50, Breaking surge, Gate opening: h = 0.010 m (Experiment No. 080416) 
(A) Surge front passing the ADV (shutter speed: 1/80 s) 
 
 
(B) Surge front passing the ADV (shutter speed: 1/80 s) - View in elevation 
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(C) Surge front passing the ADV (shutter speed: 1/80 s) - Looking downstream towards the ADV unit 
 
 
Fig. A-7 - Fr = 1.17, Undular surge, Gate opening: h = 0.100 m (Experiment No. 080426) 
(A) Passage of the first wave crest at x = 5 m - Side views with 1/3 s between each photograph (shutter 
speed: 1/20 s) - Bore propagation from left to right 
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(B) First wave crest propagation around x = 4.5 m - Three-quarter views with 1/3 s between each photograph 
(shutter speed: 1/25 s) 
  
 
A.3 Photographs of experiments on a rough, horizontal bed (Experiments Series 1B) 
Fig. A-8 - Rough screen invert at x = 5 m (prior to Experiment No. 080428) 
 
 
79 
Fig. A-9 - Fr = 1.46, Undular/breaking surge, Gate opening: h = 0.010 m (Experiment No. 080428) - ADV 
sampling volume: z = 0.1278 m 
(A) Surge front passing the ADV unit (shutter speed: 1/80 s) 
 
 
(B) Side view of the surge front (shutter speed: 1/25 s) 
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(C) Looking downstream at the surge front passing the ADV unit (shutter speed: 1/80 s) 
 
 
(D) Details of the incoming surge front looking downstream (shutter speed: 1/80 s) 
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Fig. A-10 - Fr = 1.20, Undular surge, Gate opening: h = 0.095 m (Experiment No. 080430) 
(A) Passage of the first wave crest at x ~ 5.5 m (shutter speed: 1/80 s) - Surge propagation from left to right 
 
 
(B) Passage of the first wave crest at x ~ 5.5 m (shutter speed: 1/80 s) - Surge propagation from left to right 
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(C) Passage of the first wave crest at x ~ 4.5 m (shutter speed: 1/80 s) - Surge propagation from left to right 
 
 
A.4 Photographs of experiments on a smooth sloping bed (Experiments Series 2A) 
Fig. A-11 - Fr = 2.0, Breaking surge propagating upstream against a steep slope, Gate opening: h = 0.090 m, 
ADV sampling volume: 0.0458 m (Experiment No. 080424) - Decelerating surge 
(A) Details of the decelerating surge front at x = 6 m (shutter speed 1/80 s) 
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(B) Decelerating surge at x = 5 m (shutter speed 1/80 s) 
 
 
(C) Decelerating surge front at x = 4.7 m (shutter speed 1/80 s) 
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Fig. A-12 - Fr = 2.0, Breaking surge propagating upstream against a steep slope, Gate opening: h = 0.090 m, 
ADV sampling volume: 0.0458 m (Experiment No. 080424) - Arrested surge at x = 2.6 m 
(A) Arrested surge at x = 2.6 m, three-quarter looking downstream (shutter speed 1/80 s) 
 
 
(B) Arrested surge at x = 2.6 m looking downstream (shutter speed 1/80 s) 
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Appendix B - Movies of the experiments 
B.1 Introduction 
Detailed turbulent velocity measurements were conducted for a range of flow conditions that are summarised 
in Table B-1. Figure B-1 shows the experimental facility. 
A series of short movies were taken during some key experiments. The movie files are deposited with the 
digital record of the publication at the institutional open access repository of the University of Queensland: 
{http://espace.library.uq.edu.au/}. They are listed as part of the technical report deposit at 
{http://espace.library.uq.edu.au/list/author_id/193/}. The list of the movies is detailed in section B.2, 
including the filenames, file format, and a description of each video. 
All the movies are Copyrights Hubert CHANSON 2008. 
 
Table B-1 - Detailed turbulence measurements beneath positive surge fronts 
 
Run do Vo U Fr Surge Bed So Sampling 
frequency
 m m/s m/s     Hz 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
Run 080422 0.1385 0.830 0.553 1.17 Undular Smooth 0 200 
Run 080416 0.1388 0.832 0.903 1.50 Breaking PVC   
Run 080430 0.1412 0.826 0.551 1.20 Undular Rough 0 200 
Run 080428 0.1415 0.824 0.892 1.46 Undular/Breaking screens   
Run 080424 0.0701 1.641 0.034 2.02 Breaking & Decelerating Smooth 
PVC 
0.0145 200 
 
Notes: do : initial flow depth; Fr : surge Froude number; So : bed slope (So = sinθ); U : surge front celerity 
positive upstream; Vo : initial flow velocity positive downstream; all properties were recorded at x = 5 m. 
 
Fig. B-1 - Surge front passing the ADV unit located at x = 5 m (shutter speed: 1/80 s) - Bore propagation 
from left to right 
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B.2 List of movies 
 
Filename Format Description 
080422ChansonP1040516.MOV Quicktime Undular surge (Fr = 1.17) 
Undular surge passing the ADV unit and 
progressing upstream. Duration: 6 s. 
Experiment Series 1A, Run 080422, Q= 57.8 L/s, 
do = 138.5 mm, So = 0, Smooth PVC invert, Gate 
opening after closure: 100 mm. 
080430ChansonP1040592.MOV Quicktime Undular surge (Fr = 1.2) on rough screens 
Generation of the surge after gate closure and 
transformation of a breaking surge on the 
downstream smooth invert into an undular surge 
above the rough screens. Duration: 12 s. 
Experiment Series 1B, Run 080430, Q= 58.3 L/s, 
do = 141.2 mm, So = 0, Rough screens, Gate 
opening after closure: 95 mm. 
080430ChansonP1050608.MOV Quicktime Undular surge (Fr = 1.2) on rough screens 
Propagation of the undular surge past the ADV 
unit. Duration: 9 s. 
Experiment Series 1B, Run 080430, Q= 58.3 L/s, 
do = 141.2 mm, So = 0, Rough screens, Gate 
opening after closure: 95 mm. 
080428ChansonP1040575.MOV Quicktime Breaking surge (Fr = 1.46) on rough screens 
Propagation of the breaking surge past the ADV 
unit. Duration: 2 s. 
Experiment Series 1B, Run 080428, Q= 58.3 L/s, 
do = 141.5 mm, So = 0, Rough screens, Gate 
opening after closure: 10 mm. 
080424ChansonP1040541.MOV Quicktime Decelerating surge (Fr = 2.02) against an adverse 
slope 
Propagation of the decelerating breaking surge 
past the ADV unit (x = 5 m). Duration: 33 s. 
Experiment Series 2A, Run 080424, Q= 57.5 L/s, 
do = 70.1 mm, So = 0.0145, Smooth PVC invert, 
Gate opening after closure: 90 mm. 
 
B.3 Movie files 
The movies files of Appendix B are available in the institutional open access repository of the University of 
Queensland (Brisbane, Australia) and they are deposited at UQeSpace {http://espace.library.uq.edu.au/}. The 
Digital Files are a series of QuicktimeTM movies. The deposited movie files (Section B.2) were converted to 
Flash video for video streaming. 
At request, the writer may provide the QuicktimeTM movies as a single compressed file (Filename 
Movie_File.7z). The file was prepared with 7-zip version 4.23. The software 7-zip is an open source 
software. Most of the source code is under the GNU LGPL license. The unRAR code is under a mixed 
license: GNU LGPL + unRAR restrictions. The software 7-zip may be freely downloaded from {www.7-
zip.org}. 
The copyrights of the movies remain the property of Hubert CHANSON. Any use of the movies available in 
the digital appendix must acknowledge and cite the present report: 
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CHANSON, H. (2008). "Turbulence in Positive Surges and Tidal Bores. Effects of Bed Roughness and 
Adverse Bed Slopes." Hydraulic Model Report No. CH68/08, Div. of Civil Engineering, The 
University of Queensland, Brisbane, Australia, 121 pages & 5 movie files (ISBN 9781864999198). 
Further details on the report including the digital appendix may be obtained from Prof. Hubert CHANSON 
{h.chanson@uq.edu.au}. 
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Appendix C - Turbulent Reynolds stresses beneath positive surges and bores 
C.1 Pesentation 
Detailed turbulent velocity measurements were conducted for a range of flow conditions that are summarised 
in Table C-1. The experiments were all performed with an identical initial flow rate Q = 0.058 m3/s and 
detailed velocity measurements were conducted with an acoustic Doppler velocimeter located at x = 5 m 
where x is the longitudinal distance from the upstream channel end. The sampling volume was positioned on 
the channel centreline at several vertical elevations for each experiment. Two experiments were conducted 
with a smooth, horizontal bed. Another two experiments took place on a rough screen invert, and the last 
experiment was performed down an inclined channel. Both undular and breaking surge experiments were 
generated (Table C-1, column 6). A key feature of the present study was the relatively high sampling 
frequency (200 Hz) compared to earlier studies. 
In this appendix, some typical results are presented in terms of the turbulent Reynolds stresses and their 
time-variations during and after the passage of the bore front. 
 
Table C-1 - Detailed turbulence measurements beneath positive surge fronts 
 
Experiment do Vo U Fr Surge Bed So Sampling 
frequency
 m m/s m/s     Hz 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
Run 080422 0.1385 0.830 0.553 1.17 Undular Smooth 0 200 
Run 080416 0.1388 0.832 0.903 1.50 Breaking PVC   
Run 080430 0.1412 0.826 0.551 1.20 Undular Rough 0 200 
Run 080428 0.1415 0.824 0.892 1.46 Undular/Breaking screens   
Run 080424 0.0701 1.641 0.034 2.02 Breaking & 
Decelerating 
Smooth 
PVC 
0.0145 200 
 
Notes: do : initial flow depth; Fr : surge Froude number; So : bed slope (So = sinθ); U : surge front celerity 
positive upstream; Vo : initial flow velocity positive downstream; all properties were recorded at x = 5 m. 
 
Unsteady turbulence analysis 
In turbulence studies, the measured statistics are based upon the analysis of instantaneous turbulent velocity 
data : v = V - V , where V  is a time-average velocity. If the flow is "gradually-varied", V  must be a low-
pass filtered velocity component, or variable-interval time average VITA (PIQUET 1999). The cutoff 
frequency must be selected such that the averaging time is greater than the characteristic period of 
fluctuations, and small with respect to the characteristic period for the time-evolution of the mean properties 
(e.g. KOCH and CHANSON 2006,2008a, GARCIA and GARCIA 2006). In highly unsteady flows, 
experiments have to be repeated many times, and the turbulent velocity fluctuation becomes the deviation of 
the instantaneous velocity from the ensemble average is (BRADSHAW 1971). 
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In undular surge flows, the Eulerian flow properties showed an oscillating pattern with a period of about 2 s 
that corresponded to the period of the free-surface undulations. The unsteady data were therefore filtered 
with a low/high-pass filter threshold greater than 0.5 Hz (i.e. 1/2 s) and smaller than the Nyquist frequency 
(herein 100 Hz). Following KOCH and CHANSON (2005,2006), a cutoff frequency was selected as: Fcutoff = 
1 Hz. Figure C-1 shows an example for a undular surge experiment. The same filtering technique was 
applied to all velocity components, and for both breaking and non-breaking (undular) surge experiments. 
The Reynolds stresses were calculated from the high-pass filtered signals. Both normal and tangential stress 
data are presented herein. 
The section C.2 presents some typical time-variations of the turbulent stresses vx2, vy2, vz2, vx×vz, vx×vy, and 
vy×vz. Each figure caption details the experimental flow conditions. For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this report. 
 
Fig. C-1 - Dimensionless instantaneous longitudinal velocity beneath an undular bore on a smooth horizontal 
invert - do = 0.1385 m, Vo = 0.830 m/s, U = 0.553 m/s, Fr = 1.17, So = 0, z/do = 0.150 Run 080422 
(Experiment Series 1A) - The low-pass filtered longitudinal velocity xV  and the turbulent velocity 
fluctuation vx (high-pass filtered component) are shown 
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C.2 Experimental data 
Fig. C-2 - Dimensionless instantaneous turbulent stresses beneath an undular bore on a smooth horizontal 
invert - do = 0.1385 m, Vo = 0.830 m/s, U = 0.553 m/s, Fr = 1.17, So = 0, Run 080422 (Experiment Series 
1A) 
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(B) z/do = 0.764 
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Fig. C-3 - Dimensionless instantaneous turbulent stresses beneath a breaking bore on a smooth horizontal 
invert - do = 0.1388 m, Vo = 0.832 m/s, U = 0.903 m/s, Fr = 1.50, So = 0, Run 080416 (Experiment Series 
1A) 
(A) z/do = 0.150 
t U/do
d/
d o
v2
/V
o2
1220 1222 1224 1226 1228 1230 1232 1234 1236 1238 1240 1242 1244 1246 1248 1250
0 -0.04
0.2 -0.02
0.4 0
0.6 0.02
0.8 0.04
1 0.06
1.2 0.08
1.4 0.1
1.6 0.12
1.8 0.14
2 0.16
Depth
vx2
vxvz
 
t U/do
d/
d o
v2
/V
o2
1220 1222 1224 1226 1228 1230 1232 1234 1236 1238 1240 1242 1244 1246 1248 1250
0 -0.04
0.2 -0.02
0.4 0
0.6 0.02
0.8 0.04
1 0.06
1.2 0.08
1.4 0.1
1.6 0.12
1.8 0.14
2 0.16
Depth
vy2
vxvy
 
t U/do
d/
d o
v2
/V
o2
1220 1222 1224 1226 1228 1230 1232 1234 1236 1238 1240 1242 1244 1246 1248 1250
0 -0.04
0.2 -0.02
0.4 0
0.6 0.02
0.8 0.04
1 0.06
1.2 0.08
1.4 0.1
1.6 0.12
1.8 0.14
2 0.16
Depth
vz2
vyvz
 
93 
(B) z/do = 0.762 
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Fig. C-4 - Dimensionless instantaneous turbulent stresses beneath an undular bore on a rough screen invert - 
do = 0.1412 m, Vo = 0.826 m/s, U = 0.551 m/s, Fr = 1.20, So = 0, Run 080430 (Experiment Series 1B) 
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(B) z/do = 0.799 
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Fig. C-5 - Dimensionless instantaneous turbulent stresses beneath a breaking bore on a rough screen invert - 
do = 0.1415 m, Vo = 0.824 m/s, U = 0.892 m/s, Fr = 1.46, So = 0, Run 080428 (Experiment Series 1B) 
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(B) z/do = 0.797 
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Fig. C-6 - Dimensionless instantaneous turbulent stresses beneath a decelerating bore on a smooth PVC 
invert - do = 0.0701 m, Vo = 1.641 m/s, U = 0.034 m/s, Fr = 2.02, So = 0.0145, Run 080424 (Experiment 
Series 2A) 
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(B) z/do = 0.653 
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